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Hyaline cartilage is a dense connective tissue with low self-healing 
capacity when is affected by degenerative pathologies. Therefore, 
electrical stimulation has been proposed as a possible non-invasive 
alternative therapy to enhance the restoration of the cartilaginous tissue. 
Accordingly, this work presents a combined computational and 
experimental approach to understand better the hyaline cartilage 
biology and its response to electrical stimulation using different in vitro 
models. On the one hand, a mechanobiological model was developed to 
simulate the endochondral ossification process. On the other hand, the 
electrical stimulation on hyaline cartilage was evaluated in three 
different scenarios. Initially, cell proliferation and glycosaminoglycans 
synthesis of chondrocytes, cultured in monolayer and stimulated with 
electric fields, was analyzed. Then, a histomorphometric analysis was 
performed to chondroepiphysis explants that were electrically 
stimulated. Finally, the effects of the electric fields on chondrogenic 
differentiation of mesenchymal stem cells cultured in hydrogels was 
assessed. The results indicated that electrical stimulation is a promising 
biophysical stimulus, due to the fact that this type of stimulation 
enhances the viability and the proliferation of cells, induces 
morphological changes in the chondrocytes, and stimulates the 
synthesis of the main molecules that compose the hyaline cartilage, 
such as SOX-9, glycosaminoglycans and aggrecan. Moreover, this 
project is the first step towards the implementation of an alternative 
biophysical stimulus that modifies the cellular dynamics of growth plate 
chondrocytes in ex vivo conditions. Additionally, this study highlights 
the potential effect of electric fields to induce the chondrogenesis 
process of mesenchymal stem cells cultured in basal conditions. 
Overall, the assessment of electrical stimulation on chondrocytes, 
tissues and scaffolds is a useful tool that may contribute to the current 










El cartílago hialino es un tejido conectivo denso con poca capacidad de 
auto regeneración cuando es afectado por patologías degenerativas. Por 
lo tanto, la estimulación eléctrica se ha propuesto como una terapia 
alternativa no invasiva para mejorar la reparación del cartílago hialino. 
De acuerdo con esto, este trabajo presenta un enfoque computacional y 
experimental combinado para entender mejor la biología del cartílago 
hialino y su respuesta a la estimulación eléctrica usando diferentes 
modelos in vitro. En primer lugar, se ha desarrollado un modelo 
mecanobiológico para simular el proceso de osificación endocondral. 
Por otro lado, se ha evaluado el efecto de la estimulación eléctrica sobre 
el cartílago hialino en tres escenarios diferentes. Inicialmente se ha 
analizado la proliferación celular y la síntesis de glicosaminoglicanos 
de condrocitos cultivados en monocapa y estimulados con campos 
eléctricos. Luego, se ha realizado un análisis histomorfométrico a 
explantes de condroepífisis que fueron estimulados eléctricamente. Por 
último, se ha evaluado el efecto de los campos eléctricos sobre la 
diferenciación condrogénica de células madre mesenquimales 
cultivadas en hidrogeles. Los resultados indican que la estimulación 
eléctrica es un estímulo biofísico prometedor, ya que este tipo de 
estimulación mejora la viabilidad y la proliferación celular, induce 
cambios morfológicos en los condrocitos, y estimula la síntesis de las 
principales moléculas que componen el cartílago hialino, tales como 
SOX-9, glicosaminoglicanos y agrecan. Además, este proyecto es el 
primer paso hacia la implementación de un estímulo biofísico 
alternativo que modifica la dinámica celular de los condrocitos de la 
placa de crecimiento en condiciones ex vivo. Adicionalmente, este 
estudio resalta el efecto potencial de los campos eléctricos para inducir 
el proceso de condrogénesis de células madre mesenquimales 
cultivadas en condiciones basales. En general, la evaluación de la 
estimulación eléctrica sobre condrocitos, tejidos y andamios es una 
herramienta útil que puede contribuir al conocimiento actual de las 








El cartílag hialí és un teixit connectiu dens amb poca capacitat d'auto 
regeneració quan es veu afectat per patologies degeneratives. Per tant, 
l'estimulació elèctrica s'ha proposat com una teràpia alternativa no 
invasiva per millorar la reparació del cartílag articular. D'acord amb 
això, aquest treball presenta un enfoc computacional i experimental 
combinat per entendre millor la biologia del cartílag hialí i la seva 
resposta a l'estimulació elèctrica usant diferents models in vitro. En 
primer lloc, s’ha desenvolupat un model mecanobiològic per simular el 
procés d'ossificació endocondral. D'altra banda, s’ha avaluat l'efecte de 
l'estimulació elèctrica sobre el cartílag hialí en tres escenaris diferents. 
Inicialment s’ha analitzat la proliferació cel·lular i la síntesi de 
glicosaminoglicans de condròcits cultivats en monocapa i estimulats 
amb camps elèctrics. Després, s’ha realitzat una anàlisi 
histomorfomètrica a explants de condroepífisis que van ser estimulats 
elèctricament. Finalment, s'ha avaluat l'efecte dels camps elèctrics sobre 
la diferenciació condrogénica de cèl·lules mare mesenquimals 
cultivades en hidrogels. Els resultats indiquen que l'estimulació 
elèctrica és un estímul biofîsic prometedor, ja que aquest tipus 
d'estimulació millora la viabilitat i la proliferació cel·lular, indueix 
canvis morfològics en els condròcits, i estimula la síntesi de les 
principals molècules que componen el cartílag hialí, com ara SOX-9, 
glicosaminoglicans i agrecan. A més, aquest projecte és el primer pas 
cap a la implementació d'un estímul biofísic alternatiu que modifica la 
dinàmica cel·lular dels condròcits de la placa de creixement en 
condicions ex vivo. Addicionalment, aquest estudi ressalta l'efecte 
potencial dels camps elèctrics per induir el procés de condrogènesi de 
cèl·lules mare mesenquimals cultivades en condicions basals. En 
general, l'avaluació de l'estimulació elèctrica sobre condròcits, teixits i 
scaffolds és una eina útil que pot contribuir al coneixement actual de les 













































































































Hyaline cartilage is an avascular tissue formed by a single cell type, the 
chondrocyte. This cell is responsible of synthetizing the two major load-
bearing macromolecules located in cartilaginous tissue: Collagens and 
Proteoglycans. The hyaline cartilage, in the skeletal system, is found in 
two specialized structures of the long bones: the articular cartilage and 
the growth plate. The former acts as a smooth, lubricated and low 
friction surface that receives mechanical loads and facilitates movement 
between the joints, while the latter is responsible for the longitudinal 
growth and shape of long bones. Considering that hyaline cartilage is 
exposed to a combination of mechanical loads, its avascularity and low 
proliferative capacity are counterproductive factors that limit the tissue 
self-healing process. It has been shown that mechanical loads affect the 
cell deformation, the fluid flow, the concentration of nutrients and ionic 
gradients, and the anabolic and catabolic activity of the cartilage 
extracellular matrix components. Accordingly, mechanical factors 
induce changes in the tissue altering both its morphology and its 
molecular behavior. Additionally, mechanical loads are a risk factor for 
the development of osteoarthritis, one of the main pathologies that 
affects the cartilaginous tissue. Taking this into account, several 
strategies have been developed for cartilage treatment such as surgical 
interventions or non-invasive treatments. Unfortunately, these 
treatments have short-term effect in cartilage repair; for instance, 
surgical interventions generate bad quality tissue (fibrocartilage). For 
this reason, novel therapeutic options are being implemented by tissue 
engineering in order to improve cartilage repair. 
 
Considering that several biophysical and biochemical stimuli govern 
the development, maintenance and functionality of hyaline cartilage, it 
is necessary to understand their effect on cartilage biology in order to 
use these stimuli to generate tools that improve the production in vitro 
of the characteristic chondrogenic markers that compose the 
cartilaginous tissue. In this context, tissue engineering has focused on 
the development of biomimetic tissues that replace the biological, 
structural and functional characteristics of cartilage. Thus, this kind of 





the mechanical environment to which the cartilage is subjected. Such 
biomimetic tissues are generated using a combination of cellular, 
biochemical and biophysical factors. One of the biophysical stimuli 
used nowadays are electric fields, since they have proven to influence 
different cellular functions such as morphology, elongation, gene 
expression, proliferation and cell migration. Based on this, the use of 
electrical stimulation has been proposed as a tool for improving the 
techniques carried out by tissue engineering and regenerative medicine 
for hyaline cartilage recovery. However, reports in the literature about 
electrical stimulation in hyaline cartilage and chondrocytes are limited; 
in addition, the results have been contradictory. Taking this into 
account, the aim of this study was to assess the effect of electric fields 
on hyaline cartilage tissue and analyze the potential implications of the 
electrical stimulation in the biological responses of chondrocytes by 
using a combined computational and experimental approach. 
Consequently, the response of the electrical stimulation was evaluated 
in three different scenarios: monolayer cultures of chondrocytes, 
hyaline cartilage explants, and hydrogels as 3D constructs.  
 
First, regarding monolayer cultures, the electric fields were applied in 
primary chondrocytes extracted from rodents. In this scenario, the cell 
proliferation, cell death and proteoglycans synthesis were analyzed. 
Second, in relation to hyaline cartilage explants, the electrical 
stimulation was applied over chondroepiphysis explants of femurs and 
humerus of rodents. Here, a histomorphometric analysis of the 
epiphyseal plate and the growth plate zones was performed. Finally, the 
effect of electric fields in the chondrogenesis process was evaluated on 
mesenchymal stem cells cultured within hyaluronic acid – gelatin 
hydrogels. In this third scenario, the cell proliferation and molecular 
synthesis were analyzed. As a complement of the scenarios carried out 
in this doctoral thesis, a mechanobiology model was developed in order 
to observe how stress distribution patterns and molecular gradients 
regulate the long bone growth in prenatal stages. 
 
Experimental results showed that electric fields generate different 
effects over hyaline cartilage. It was demonstrated that electric fields 
induced chondrocyte proliferation and glycosaminoglycan synthesis in 




a monolayer environment. On the other hand, it was proven that 
electrical stimulation has directly influenced the chondrocytes 
morphology within the growth plate. Besides these results, it was 
evidenced that electric fields favored the chondrogenic differentiation 
of mesenchymal stem cells increasing proteoglycan synthesis and 
stimulating the production of transcription factors involved in 
chondrogenesis. 
 
This project constitutes the first attempt of application of electric fields 
to the three biological scenarios currently used to restore hyaline 
cartilage: monolayer cultures, ex vivo cultures and scaffolds. The 
findings derived from this work may help to understand how the 
electrical stimuli induce morphological changes in chondrocytes and 
mesenchymal stem cells. Moreover, these conclusions may also allow 
to verify the influence of electric fields on the molecular events taking 
place within both the hyaline cartilage and the 3D constructs. Overall, 
this study not only explains the role of electric fields in the 
chondrogenesis process, but also provides useful information of new 
therapeutic approaches for hyaline cartilage treatment.
 
1.2 Hypothesis and objectives 
 
Considering that, hyaline cartilage responds to external biophysical 
stimuli, it has been demonstrated that the dynamic of this tissue is 
modified by the application of external electric fields. In vitro assays 
have evaluated the effect of electric fields in chondrogenesis and cell 
behavior within hyaline cartilage using different culture systems such 
as monolayer cultures, explants and 3D constructs. These studies have 
focused on the assessment of viability, proliferation, synthesis of 
extracellular matrix components, morphological changes of growth 
plate chondrocytes and the potential of mesenchymal stem cells to 
differentiate into a chondrocytic lineage. Nevertheless, there are many 
discrepancies in the obtained results, because there are limitations in the 
voltage required to generate the electric fields, the stimulation time, and 
the amount of days that cell cultures need to be under stimulation. In 
addition, the methodology to generate homogeneously the electric 
fields and calculate their intensities is still a largely unexplored field. In 




this context, we hypothesize that the design and construction of a 
bioreactor, based on Wien bridge oscillator circuit, may generate and 
distribute homogeneously the electric fields over the complete surface 
of different in vitro cultures. In addition, the implementation of a 
combined experimental and computational approach will allow 
predicting the electric fields intensities that are stimulating the cells and 
tissues. Therefore, the implementation of a well-stablished protocol will 
allow the analysis of different electric field intensities and stimulation 
times in order to better understand the impact of the electrical 
stimulation on cell dynamics during the process of chondrogenesis, 
endochondral ossification, and hyaline cartilage maintenance. 
 
Taking into account the aforementioned, we formulate the following 
aims in order to validate the proposed hypothesis: 
 
• General aim 
 
To assess the effect of an external electrical stimulation on hyaline 
cartilage from three different scenarios: chondrocyte monolayer 
cultures, chondroepiphysis explants and chondrogenic hydrogels. 
 
• Specific aims 
 
1. To design and built a bioreactor that distributes and applies 
homogeneously different intensities of external electric fields 
to monolayer cultures, cartilage explants and 3D constructs. 
 
2. To evaluate in vitro the effect of external electric fields in terms 
of viability, proliferation and molecular synthesis of 
chondrocytes cultured in monolayer.  
 
3. To evaluate in vitro the effect of external electric fields in terms 
of morphophysiology of growth plate chondrocytes.  
 
4. To evaluate in vitro the effect of external electric fields in terms 
of chondrogenic differentiation of mesenchymal stem cells 
cultured in an injectable hydrogel. 




1.3 Thesis outline 
 
This thesis is presented by a compendium of six publications, where 
five articles are already published in scientific journals and one is in the 
process of being published. The articles and Reprints and Permissions 
obtained from the journals, to include the pre-print articles in this thesis, 
are attached at the end of the document. The articles are the following: 
 
Article 1: J. J. Vaca-González, M. L. Gutiérrez, and D. A. Garzón-
Alvarado, “Cartílago articular: estructura, patologías y campos 
eléctricos como alternativa terapéutica. Revisión de conceptos 
actuales”. Rev. Colomb. Ortop. y Traumatol., vol. 31, no. 4, pp. 202–
210, 2017. 
 
Article 2: J. J. Vaca-González, M. Moncayo-Donoso, J. M. Guevara, 
Y. Hata, S. J. Shefelbine, and D. A. GarzónAlvarado, 
“Mechanobiological modeling of endochondral ossification: an 
experimental and computational analysis”. Biomech. Model. 
Mechanobiol., vol. 17, no. 3, pp. 853–875, 2018. 
 
Article 3: J. J. Vaca-González, J. M. Guevara, M. A. Moncayo, H. 
Castro-Abril, Y. Hata, and D. A. Garzón-Alvarado, “Biophysical 
Stimuli: A Review of Electrical and Mechanical Stimulation in Hyaline 
Cartilage”. Cartilage, Sep. 2017. 
 
Article 4: J.J. Vaca-González, J. Guevara, J. Vega, and D. Garzón-
Alvarado, “An In Vitro Chondrocyte Electrical Stimulation 
Framework: A Methodology to Calculate Electric Fields and Modulate 
Proliferation, Cell Death and Glycosaminoglycan Synthesis”. Cell. 
Mol. Bioeng., pp. 1–11, 2016. 
 
Article 5: J.J. Vaca-González, J.F. Escobar, J.M. Guevara, Y.A. Hata, 
G. Gallego Ferrer and D.A. Garzón-Alvarado, “Capacitively Coupled 
Electrical Stimulation of Rat Chondroepiphysis Explants: A 
Histomorphometric Analysis”. Bioelectrochemistry, 126, 1-11, 2019. 
 
 




Article 6: J.J. Vaca-González, S. Clara-Trujillo, M. Guillot-Ferriols, 
J. Ródenas-Rochina, M.J. Sanchis Sánchez, D.A. Garzón-Alvarado, 
J.L. Gómez Ribelles and G. Gallego Ferrer, “Coupled Capacitive 
Electric Fields Over Hyaluronic Acid – Gelatin Hydrogels Enhance 
Chondrogenic Differentiation”. (In preparation). 
 
The thesis conceptual framework, methodological approach, results, 
discussion and conclusions contained within this document are 
organized in 8 chapters. CHAPTER 1 corresponds to this introductory 
section. CHAPTER 2 presents a conceptual framework that 
summarizes the anatomical, molecular structure and biochemical 
properties of the hyaline cartilage. Additionally, descriptions regarding 
the pathological issues in articular cartilage and growth plate are 
introduced. To close this chapter, a brief description of some 
therapeutic alternatives is included, making special emphasis in 
hyaluronic acid - gelatin hydrogels to restore hyaline cartilage. 
 
Considering that hyaline cartilage is presented in long bones, 
CHAPTER 3 introduces a mechanobiology model to simulate the 
formation of the cartilage epiphyses and the growth plates. This 
mathematical model simulated the anlage as a poroelastic material, 
while the biochemical regulation is simulated as a reaction-diffusion 
model. Additionally, an experimental approach to observe the bone 
development in prenatal stages was carried out in order to validate the 
computational model. 
 
As the main objective of this study is to understand the effect of 
electrical stimulus over cartilaginous tissue, CHAPTER 4 presents a 
detailed review of the effect of biophysical stimuli on hyaline cartilage. 
The review is divided in two sections. On the one hand, the first section 
describes the application of electric and magnetic fields in in vivo and 
in vitro environments, focusing on cartilage explants and 3D constructs. 
On the other hand, the second section introduces the role of mechanical 
stimulation on hyaline cartilage such as compressive, tension, 
hydrostatic pressure and shear stress. 
 




The experimental approach containing the three different scenarios 
used in this work are presented from CHAPTERS 5 to 7. Thus, in 
CHAPTER 5, the cellular behavior of chondrocytes cultured in 
monolayer and stimulated with electric fields is presented. This chapter 
illustrates the construction of a coaxial capacitor, which allow 
determining the dielectric constants of the culture system. Moreover, a 
computational simulation to estimate the electric fields within the 
culture is performed. The change in cell proliferation and synthesis of 
glycosaminoglycans is highlighted after the cell culture was electrically 
stimulated. 
 
Once the in vitro chondrocytes behavior after a stimulation with electric 
fields was studied, the effect of this biophysical stimulus on 
chondroepiphysis explants is evaluated in CHAPTER 6. In this 
chapter, femurs and humerus explants were electrically stimulated, and 
the response to this stimulation was measured histomorphometrically. 
In this context, the total length of the epiphyseal plate, and the length 
of the growth plate zones were analyzed. Moreover, other physiological 
and cellular parameters were measured such as cell density, columnar 
arrangement and columnar angles. 
 
Finally, the potential effect of the application of electric fields in the 
chondrogenic process was assessed. Therefore, CHAPTER 7 shows 
the chondrogenic differentiation of mesenchymal stem cells cultured in 
hydrogels and stimulated with electric fields. This chapter describes the 
mechanical and dielectric characterization of hydrogels. Lastly, this 
section evaluates the in vitro cultures by analyzing the expression of 
chondrogenic markers after electrical stimulation. 
 
The main conclusions derived from this work are presented in 


























































































This chapter highlights the morphophysiology, molecular structures, 
biomechanical properties, pathologies and treatments of the hyaline 
cartilage. Moreover, this section highlights the use of tridimensional 
structures to restore the articular cartilage, focusing on the development 
and application of hyaluronic acid – gelatin hydrogels.
 
2.2 Hyaline cartilage 
 
Cartilage is an connective tissue that, depending on the features of the 
extracellular matrix (ECM) and the location in the human body, can be 
classified in three types: elastic, fibrillar and hyaline [1], [2]. For 
instance, elastic cartilage can be found in organs such as the ear and the 
epiglottis. This elastic tissue has a low concentration of collagen type II 
and it is mainly constituted by scattered elastic beams that form a 
threadlike network that provides elasticity to the cartilage. Similarly, 
the intervertebral disc and the meniscus are composed by fibrocartilage, 
which has a fibrous ECM rich in collagen type I. Finally, hyaline 
cartilage is a tissue rich in collagen type II and proteoglycans that can 
be found in two different parts of the bone. On the one hand, the 
articular cartilage is located at the end of the bones (epiphyses) [3]–[5], 
and its functional properties are reducing the friction coefficient and 
supporting of mechanical loads between opposing joint surfaces [6]. On 
the other hand, a cartilaginous layer, known as the growth plate, is 
located between the epiphysis and the diaphysis, and it is responsible of 
longitudinal growth of long bones [7], [8]. 
 
Since the hyaline cartilage in most of cases fulfills a damping function, 
their cellular and molecular structures are crucial to support mechanical 
loading. Accordingly, this type of cartilage is composed by one cellular 
                                                     
1 Part of the review presented in this chapter has been published in: J. J. Vaca-
González, M. L. Gutiérrez, and D. A. Garzón-Alvarado, “Cartílago articular: 
estructura, patologías y campos eléctricos como alternativa terapéutica. Revisión de 
conceptos actuales”. Rev. Colomb. Ortop. y Traumatol., vol. 31, no. 4, pp. 202–210, 
2017.  




type: the chondrocyte. This cell is responsible for synthesizing and 
degrading the main molecules of the ECM such as collagen fibers and 
proteoglycans (PGs) [3], [9]. These molecules provide dimensionality, 
elasticity and strength to the cartilage in order to support mechanical 
loads [9], [10]. Considering that the articular cartilage and the growth 
plate are soft tissues presented in the skeletal system, the anatomy and 
the molecular structure of those tissues are summarized in the following 
sections.  
 
2.2.1 Embryological development of the articular cartilage 
and the growth plate  
 
Bone structure arises from a mesenchymal cell condensation during 
embryonic development through a process known as endochondral 
ossification (Figure 2-1) [4], [8]. This process begins when the 
mesenchymal stem cells migrate into the location of prospective long 
bone formation. After cell recruitment, the epithelium/mesenchymal 
interaction induces cellular condensation (Figure 2-1A). Once the 
condensation occurs, the mesenchymal stem cells proliferate and 
differentiate into chondrocytes forming a cartilaginous mold rich in 
collagens and PGs (Figure 2-1B). The cartilaginous mold, also known 
as anlage, subsequently undergoes in an ossification process where 
chondrocytes in the center of the anlage stop their proliferation process 
and differentiate into hypertrophic chondrocytes (Hc) (Figure 2-1C). 
These hypertrophic cells enable the invasion of blood vessels (Bv) and 
the formation of the bone collar (Bc) (Figure 2-1D). Angiogenesis in 
the primary spongiosa promotes the migration of mesenchymal cells to 
the center of the anlage. These cells differentiate into osteoblasts and 
form the primary ossification center (POC) (Figure 2-1E). Remaining 
chondrocytes located between the POC and the proximal and the distal 
epiphyses arrange into columns forming the growth plates (GP) (Figure 
2-1F). Due to cycles of chondrocyte hypertrophy, vascular invasion and 
osteoblast activity, the secondary ossification center (SOC) is formed 
in the epiphysis of bones. Chondrocytes that remain at the end of the 
epiphysis form the articular cartilage (Figure 2-1G) [3], [5]. 
 




During endochondral ossification, a series of molecular events are 
carried out, where several extracellular and adhesive molecules are 
synthesized by chondrocytes, such as aggrecan (Agc1) and collagen 
type II (Col2α1-IIa) [11]. In addition to these molecular events, the 
spatio-temporal regulation of both the ECM and the differentiation 
process also depend on the action of many growth factors, 
transmembrane receptors and transcription factors. For instance, it has 
been shown that the Sonic Hedgehog (Shh) and its respective 
transmembrane receptor Patched-1 and -2 (Ptch1,2) promote the 
formation of the cartilaginous mold. The interaction between this 
morphogen and its receptor allows the recruitment of both the 
transmembrane protein Smoothened (Smo) and the Gly-type 
transcription factors. This signaling pathway is relevant since those 
factors activate SOX-9, one of the master regulators of chondrogenesis, 




Figure 2-1: Endochondral ossification process. 
 
2.2.2 Anatomy of cartilaginous structures in long bones 
  
2.2.2.1 Articular cartilage 
 
Articular cartilage is located in the synovial joints, at the end of the 
bones that form the joint. The thickness of the articular cartilage varies 




depending on its location. For instance, cartilage in interphalangeal 
joints have a thickness between 1 and 2 mm, while in the knee or the 
hip joints, that support a greater weight, the cartilage have a thickness 
between 3 and 5 mm [5]. Articular cartilage acts as a shock absorber; 
therefore, this tissue is exposed to different mechanical loads such as 
tension, compression, and shear stress (Figure 2-2). On the one hand, 
tension loading exerts an outward force increasing body elongation. On 
the other hand, compression loading applies a thrust force that acts over 
the entire length of the tissue, making it flatter. Finally, shear loading is 
tangential to the body and deforms the tissue in several directions. 
Accordingly, hip and ankle joints support loads from 1 to 4 MPa, while 
knee joints support loads that vary from 5 to 10 MPa during walking 
and 18 MPa during physical activity [3], [4], [9], [13]. 
 
Cellular and molecular composition of the ECM in articular cartilage 
are fundamental to support mechanical loading. Chondrocytes represent 
approximately 1 – 5 % of the total volume of the tissue [4], and their 
morphology varies according to their location inside the tissue (Figure 




Figure 2-2: Mechanical loads supported by articular cartilage. 
 
The ECM represents more than 95% of the volume of the articular 
cartilage, where 60 – 80% is water, 15 % is composed of collagens, 




including collagen type II, VI, IX, X, XI, and 9% is composed by PGs 
[1], [4]. Nevertheless, collagen and PGs percentage vary depending on 
their location within the articular cartilage (Figure 2-3B). Thus, 
articular cartilage is organized in zones according to cell morphology 
and collagen type II orientation (Figure 2-3A) [1], [10].  
 
 
Figure 2-3: Scheme of the articular cartilage zones. 
A) Chondrocyte morphology in different articular cartilage zones 
(left). Collagen fiber organization within the ECM (center). Articular 
cartilage zones (right). B) Collagen and PGs percentages inside 
articular cartilage. Modified of [14]. 
 
The most distant areas from the bone form the superficial area, 
constituting the thinner layer of the tissue (approximately 50 to 100 μm). 
This area has flattened chondrocytes, collagen fibers parallel to the joint 
surface (Figure 2-3A), and a low concentration of PGs (Figure 2-3B) 
[10]. Thereafter, a transition region sets out the boundaries of the 
intermediate zone, which has a lower cellular density of chondrocytes 
with an oval morphology. Followed by this region, the chondrocytes 
become rounder and form small clusters in the medium zone. In this 




zone, the chondrocytes actively synthetize aggrecan, the main PG found 
in hyaline cartilage, and collagen type II, which exhibit an arcade-like 
structure interspersed. In the deepest area, collagen is perpendicular to 
the joint and rather flattened chondrocytes are arranged into columns. 
Finally, it is in the calcified zone where chondrocytes get hypertrophic 
and synthesize collagen type X [14]. 
 
2.2.2.2 Growth plate 
 
The growth plate, also known as the epiphyseal plate or the physis, is 
the tissue located in the metaphysis of long bones. It is histologically 
arranged in four zones: reserve, proliferative, pre-hypertrophic and 
hypertrophic (Figure 2-4) [15].  
 
 
Figure 2-4: Scheme of the growth plate zones. 
 
The reserve zone contains chondrocytes with rounded morphology 
which are randomly distributed. Moreover, these cells are characterized 
for having a low proliferative capacity [7], [15], [16]. The proliferative 
zone has flattened chondrocytes arranged into columns, which are 
parallel to the axis of bone growth [7], [15]. The pre-hypertrophic zone 
has aligned columnar chondrocytes that have started the maturation 
process to get hypertrophy. Finally, the hypertrophic zone contains 
chondrocytes in terminal differentiation to mineralize the tissue. In this 
zone, cells stop proliferating and increase their size ten times compared 




with chondrocytes in the reserve zone [7], [8], [16]. A continuous cell 
dynamic within the growth plate maintain the longitudinal growth of 
the bone constant. Moreover, the growth plate experiences 
morphological changes over time. For instance, the physis in humans is 
concave at the age of four, while it becomes straight at the age of seven. 
Lastly, the growth plate assumes an arch form at the beginning of the 
puberty [17]. Besides the width of the growth plate changes through 
life. At early stages of development the epiphyseal plate is wider, while 
at the end of adolescence the thickness of the physis decreases 
progressively until it is completely resorbed connecting the epiphysis 
with the diaphysis [16]. 
 
2.2.3 Molecular components of the articular cartilage and 
the growth plate 
 




The main component of the ECM in the articular cartilage is collagen 
type II. This is a fibrillar protein synthetized as a monomer, assembled 
as a trimmer and extracellularly processed to remove the amino and 
carboxy terminals [10]. Collagen fibers align to provide stiffness to the 
cartilage depending on the direction of the supported load by the joint 
[14]. Accordingly, the articular cartilage has five types of collagen [9], 
[10]. The most important is collagen type II that constitutes the bulk of 
total collagen in the articular cartilage (about 80%). This type of 
collagen is responsible for providing a high resistance to cyclic 
compression. Collagen type VI is concentrated around the 
chondrocytes, helping them to adhere to the ECM. This collagen 
composes 5% of total collagen in the articular cartilage. Collagen type 
IX facilitates the interaction between collagen fibrils and PGs, and it 
composes 15% of total collagen in the articular cartilage. Collagen type 
X organizes the collagen fibers in a tridimensional hexagonal lattice in 
the calcified zone of the articular cartilage, and it represents 5% of total 
collagen (Figure 2-3A). Last, collagen type XI regulates collagen fiber 
size, forming a pericellular network around the chondrocytes. 




Moreover, it also allows collagen type II production, representing 15 % 




The PGs are very high molecular weight molecules, which provide 
support and dimensionality to the cartilaginous tissue. PGs are 
constituted by a core protein known as hyaluronic acid with 
glycosaminoglycans (GAGs) that are perpendicularly attached through 
covalent bounds with a link protein (Figure 2-5) [10]. These long 
chains of linear carbohydrate polymers are negatively charged under 
physiological conditions due to their sulfate and uronic acid groups. 
Negatively charged sulfates attract positive ions, such as sodium, that 
in turn attract water. Thus, the articular cartilage is highly hydrated 
allowing the cells to maintain a distance between them. Moreover, the 
PGs provide an osmotic resistance capacity and compressibility to the 
tissue [4]. Additionally, PGs are joined to the chondrocyte cell 
membrane not only acting as signal modulators in communication 
processes between cells and their environment [3], but also promoting 
cell adhesion [4].  
 
 
Figure 2-5: Representative scheme of PGs, collagen fibers and 
GAGs. 
Modified of [10]. 




The main PG in the articular cartilage is the aggrecan; it is composed 
by a central protein of 210 to 250 kDa with three globular domains: two 
in the amino terminal (G1 and G2) and a third one in the carboxy 
terminal (G3). This third domain is separated by a region of two GAGs: 
the keratan sulfate (KS) and the chondroitin sulfate (CS) (Figure 2-5) 
[4], [10]. The main functions of the globular domains are to provide 
aggregation, cell adhesion and chondrocyte apoptosis support, and 
supply hyaluronic acid binding sites [18]. Aggrecan can interact with 
other proteins such as collagen type II, connecting the ECM with all 
constituents of the cellular surface [10]. Additionally, decorin and 
fibromodulin are PGs with lower molecular weight, linked with 
collagen type II. Other molecules located in cartilage matrix are 
fibronectin and cartilage oligomeric protein (COMP). The former is a 
glycoprotein that binds with cartilage membrane receptors, while 
COMP mediate the interaction of chondrocytes with the cartilage 
matrix through interaction with cell surface integrin receptors. 
Moreover, COMP maintain the structural integrity of cartilage 
interacting with other ECM proteins such as collagen type II (Figure 
2-5) [19], [20]. These smaller PGs play important roles determining 




The transcription factor SOX-9 is a molecule member of the SOX 
family. This transcription factor is essential for the differentiation of 
mesenchymal condensations into chondrocytes. Moreover, the SOX-9 
is crucial for the synthesis of characteristic molecules of cartilage 
matrix such as collagen type II, IX, XI and aggrecan [21]. During long 
bone development SOX-9 is synthetized by proliferative chondrocytes 
and it is inhibited by hypertrophic chondrocytes [22]. Studies have 
demonstrated that SOX-9 in presence of SOX-5 and SOX-6 regulates 
the endochondral ossification process [23]. Another important 
transcription factor is RUNX2, this molecule also known as Cbfa1 is 
present in growth plate chondrocytes and it is responsible for the 
differentiation of proliferative chondrocytes into hypertrophic [24].  
 




2.2.3.2 Growth plate 
 
Although the growth plate shares some molecular factors present in the 
articular cartilage, the function of the epiphyseal plate, in controlling 
the growth rate of the long bones, is also regulated by several molecular 
factors. Among the most relevant factors are the systemic hormone 
levels, local growth factors and signaling molecules (Figure 2-6). 
 
 
Figure 2-6: Schematic representation of molecular regulations in 
the growth plate.  
 
Indian hedgehog/Parathyroid Hormone-related Protein 
(Ihh/PTHrP): Ihh a member of the hedgehog protein family, is 
expressed by pre-hypertrophic chondrocytes during long bone 
development [25]. Besides, PTHrP is a protein synthetized by 
proliferative chondrocytes during the fetal stage in the periarticular 
perichondrium at the end of the anlage [26]. Accordingly, PTHrP acts 
over proliferative chondrocytes to keep them proliferating and 
simultaneously inhibits the synthesis of Ihh. Thus, if PTHrP activity is 
sufficiently distant from the proliferative zone, the production of Ihh 
will start in the pre-hypertrophic zone. Ihh acts on proliferative 




chondrocytes to promote their proliferation through PTHrP synthesis 
stimulation [21], [27]. 
 
Vascular endothelial growth factor (VEGF): VEGF is a signaling 
protein involved in angiogenesis [28]. VEGF is synthetized in the 
growth plate by hypertrophic chondrocytes located in the ossification 
front. Once cells synthetize VEGF, a blood vessel formation appears 
within the ossification front of the growth plate [27], [29], [30]. These 
blood vessels have an important role within the growth plate as they not 
only allow the entry of growth factors towards the physis, but also 
trigger an oxide and dioxide flow to control chondrocyte apoptosis. 
Moreover, the angiogenesis promotes the entry of progenitor cells 
(undifferentiated mesenchymal stem cells) from the primary 
ossification center to the epiphysis [31].   
 
Bone morphogenic proteins (BMPs): BMPs are glycoproteins of low 
molecular weight characterized by interacting with membrane receptors 
(BMPR). BMPs regulate proliferation process, downregulate the 
maturation process of chondrocytes and promote Ihh synthesis [27]. 
BMPs trigger different signaling pathways that control several events 
such as chondrogenesis, chondrocyte proliferation, blood vessel 
formation and mineralization [32]. Regarding the chondrogenesis 
process, it has been demonstrated that BMP 2 plays a pivotal role in 
cartilage regeneration due to the fact that it promotes SOX-9 and 
aggrecan synthesis [33].  
 
Fibroblast growth factors (FGFs): FGFs repress chondrocyte 
proliferation, differentiation and Ihh synthesis during the endochondral 
ossification process [27]. It has been observed that FGF 1 is expressed 
by pre-hypertrophic chondrocytes and perichondrium, FGF 2 is 
synthetized in the perichondrium and primary ossification center after 
mesenchymal condensation, and FGF 3 is expressed by proliferating 
chondrocytes. Moreover, some studies have shown that FGF 3 
knockout increases cell proliferation and allow the expansion of 
columns within the growth plate [21]. 
 




2.2.4 Biomechanical properties of hyaline cartilage 
 
Hyaline cartilage is a biphasic material which consists of an interstitial 
fluid phase and a porous-permeable solid phase [10]. On the one hand, 
the properties of the liquid phase are given by the PGs, since they are 
negatively charged and allow the retention of water molecules within 
the tissue. On the other hand, the solid phase is provided by the 
distribution of collagen fibers, since they are strategically interlaced to 
give three-dimensionality to the cartilage [34]. The solid and fluid 
phases are crucial in distributing homogeneously external loads over 
the entire ECM when the cartilage is subjected to compression, shear 
and/or tension loads. This distribution is achieved by the permeable 
porous phase, which allows the flow of fluids that in turn creates a load 
transfer between both phases together with a pressurization of the 
interstitial fluid [35]. Accordingly, the cartilage intrinsic characteristics 
determine the main properties of the tissue such as compression 
resistance, tensile strength, shear stress resistance, hydrostatic pressure, 
swelling degree, permeability and viscoelasticity. 
 
Compression: The development and maintenance of hyaline cartilage 
are closely correlated to the effect of the mechanical load. The 
compression loading is crucial for preservation of cartilage structure, 
because this tissue is loaded primarily under compression. This load is 
supported by the solid phase of the cartilage, the fluid pressure and the 
nearly impermeable subchondral bone [36]. A volumetric change on 
cartilage structure occurs when the tissue is compressed. This internal 
morphologic change results in the flow of interstitial fluid, which 
generates a significant frictional resistance within the tissue [34]. 
 
Tensile strength: The tension load describes the maximum stress 
supported by a material when is stretched. The cross-linked collagen in 
cartilage is a network that is responsible for supporting the tensile 
strength. When a tension loading is applied to the tissue, the collagen 
fibers tighten and align in order to absorb the tensile force [37]. 
 
Shear stress: The load perpendicularly applied to the cartilage surface 
is known as shear stress. This tangential load internally deforms the 




cartilage in an angular way affecting the inner zones of the cartilaginous 
tissue. The interaction between collagen fibers and PGs supports and 
distributes the shear stresses within the tissue. Collagen fibers, having 
a more elastic behavior than PGs, enable the absorption of shear loads. 
Consequently, this absorption reduces the fractional dissipation and the 
phase angle [35]. 
 
Hydrostatic pressure: The fluid phase of the articular cartilage is in 
charge of supporting the hydrostatic pressures generated by 
compressive loads. These hydrostatic pressures are not uniform within 
the cartilage because the applied loads are heterogeneous across the 
tissue; therefore, a gradient in total stresses and pressures are formed, 
particularly near the joint surface. The hydrostatic pressures vary 
depending on the cartilage location; for example, the cartilage in the 
knee joints support hydrostatic pressures between 3 and 10 MPa, while 
the cartilage in the hip joints support hydrostatic stresses of 18 MPa 
[38]. 
 
Swelling: Swelling is the mechanisms by which the residual stresses 
occur within the cartilage. Residual stresses and strains are physical 
magnitudes generated inside the cartilage after mechanical loading. 
These residual loads play a key role within the tissue enhancing 
cartilage physiological behavior and reducing the stresses when the 
tissue is loaded under physiological conditions [35]. Swelling is 
generated by the ionic constituents of the synovial fluid and the 
negatively charged GAGs (keratan sulfate and chondroitin sulfate) 
associated with the PGs molecules in the solid matrix of the cartilage 
[39].  
 
Permeability: Permeability is a property of porous materials, which is 
measured as the amount of fluid that can flow through a material. 
Particularly, permeability in hyaline cartilage is given by the PGs 
because they are the molecules that resist to fluid flow. It has been 
evidenced that a decrease in PGs concentration in the bone-cartilage 
interface lead to an increase of the permeability in the cartilage surface 
[40]. Moreover, it has been demonstrated that the orientation of the 
collagen fibers also influences the permeability of the tissue, due to the 




fact that permeability decreases in zones where the fibers are parallel to 
the surface [41]. Permeability in the knee cartilage of humans is 
between 1.14 x 10-15 to 2.17 x 10-15 m4/Ns [34].  
 
Viscoelasticity: A material is viscoelastic when a constant load or strain 
is applied, and its response varies with time. In cartilage, this property 
is determined by the storage G′  and the loss G′′  moduli. The 
G′represents the capacity of the tissue to store energy for elastic recoil, 
while G′′ characterizes the ability of a cartilage to dissipate energy [42]. 
Morphophysiologically, the collagen fibers and the fluid flow are 
responsible for determining the viscoelasticity of the cartilage. The 
cross-linking of the collagen fibers increases the viscoelastic shear 
modulus, while the fluid flow plays an important role as loading support 
in confined compression [43]. 
 
2.3 Pathologies affecting hyaline cartilage 
 
When hyaline cartilage advances in age, it is conditioned to internal 
wear caused by the mechanical loads that are supported by the tissue. 
These mechanical loads generate morphological and functional 
alterations [44]. However, there are some injuries and diseases that may 
prematurely occur by reason of genetic, growth, metabolic, and/or 
traumatic factors [45].  
 
There are three types of injuries that affect cartilage. First, there are 
lesions that disrupt and degrade the ECM of the tissue. However, the 
remaining viable chondrocytes increase their synthetic activity and 
repair the affected tissue. Second, there are changes in cartilage 
thickness that generate fissures in the structure of the cartilage. Last, 
there are injuries affecting the entire thickness of the cartilage that reach 
the subchondral bone. A possible recovery for this type of injury is 
carried out by progenitor cells migrating from the bone marrow to the 
injured tissue, generally replacing the tissue with fibrocartilage. This 
fibrillar tissue is mostly inefficient for load bearing and has a loss in 
friction properties [46]. According to the mentioned above and 
depending on the location of the hyaline cartilage, several pathologies 
may affect the cartilaginous tissue. 




2.3.1 Articular cartilage 
 
Osteoarthritis (OA) is the most frequent degenerative pathology of the 
articular cartilage. In this pathology both chondrocytes and ECM are 
affected [11], [47], [48]. Studies have revealed that OA affects both 
men and women usually over 60 years old. The OMS speculates that 
this disease will be the fourth cause of disability in the world by 2020 
[49]. OA involves several factors that include mechanical damage of 
the joints, inflammation, and genetic predisposition [50]. It is 
manifested with high morphological, biochemical, molecular and 
biomechanical changes that result in an imbalance between synthesis 
and degradation of ECM components in articular cartilage. Thus, 
alterations of collagens and PGs decrease the tensile strength and the 
stiffness. The pathology leads to a decrease in thickness of the articular 
cartilage, subchondral bone remodeling and chronic inflammation of 
the synovial membrane [45], [51], [52]. 
 
Other pathologies such as neurogenic arthropathy, spondyloarthritis 
and osteochondritis affect the articular cartilage generating pain, 
inflammation, movement difficulties, fragmentation and joint fractures 
[53]. Overall, pathologies modifying morphology, composition and 
biomechanical properties of the articular cartilage may have an 
important impact on the quality of life of elder population. Therefore, 
there is a necessity to either develop appropriate treatments or find 
physiotherapeutic alternatives to restore cartilaginous tissue from 
lesions. 
 
2.3.2 Growth plate 
 
Pathologies that affect the growth plate tissue in turn affect the shape 
and the length of several skeletal elements. The main diseases that alter 
the epiphyseal plate are generated either by genetic disorders (skeletal 
dysplasias) or induced malformations during gestation [54]. Skeletal 
dysplasias such as osteodysplasias, osteochondrodysplasias and 
chondrodysplasias are the most common pathologies that affect 
cartilage and bone development [55]. Regarding the cartilaginous 





epiphyseal plate. Such disturbances are caused in many cases by genetic 
alterations that modify the structure and synthesis of proteins, 
transcription factors, morphogens and enzymes among others [54]. 
These modifications are reflected in bone alterations that cause 
dwarfism and joint dysfunctions. One example of a genetic 
chondrodysplasia is the mucopolysaccharidosis type IV (MPS IV). This 
disease is generated by the alterations in the catabolism of the GAGs 
present in the cartilage ECM (keratan sulfate and chondroitin sulfate). 
MPS IV is caused by mutations in the genes coding for lysosomal 
enzymes that degrade GAGs. This leads to the accumulation of 
undegraded polysaccharides, in both cytoplasm and ECM, that results 
in bone deformities [56].
 
2.4 Treatments to restore hyaline cartilage 
 
Since different pathologies affect and degrade cartilage tissue, some 
therapeutic treatments have been implemented either to relieve the pain 
locally in the joint or to replace the affected articular surface with new 
cartilaginous tissue. For this reason, alternatives have focused on 
restoring articular cartilage through invasive and noninvasive 
treatments.  
 
2.4.1 Noninvasive treatments 
 
Physiotherapy makes use of noninvasive alternatives to treat injuries in 
the joints. This type of treatment is based on the application of different 
physical stimuli over the injured tissue. The most commonly used 
treatments are: ultrasound (stimulation with frequency waves), 
magnetotherapy (application of static magnetic fields), electrotherapy 
(application of external electric fields), neuromuscular electrical 
stimulation and transcutaneous electrical nerve stimulation (TENS) 
[47]. According to the Osteoarthritis Research Society International 
(OARSI), therapies such as ultrasound, electrotherapy, neuromuscular 
electrical stimulation and TENS are treatments that need to be 
complemented with biomechanical interventions using knee braces, 
foot orthoses, strength training, weight management and physical 
exercise to relief pain in the knees with OA [57]. 




Although the non-invasive mechanisms used to treat cartilage have 
reduced the symptoms caused by the different diseases, a treatment that 
prolongs tissue healing has not yet been achieved. In fact, it has been 
demonstrated that several non-invasive therapies are of uncertain 
adequacy since they do not generate any effect in reducing local pain 
[57]. Accordingly, cartilage pathologies evolve to chronic states and in 
several cases the only solution is a surgical intervention. 
 
2.4.2 Invasive treatments 
 
The main purpose of invasive treatments is to replace osteochondral 
defects with a tissue that has the same characteristics of hyaline 
cartilage. One of the treatments is bone marrow stimulation, which 
consists in performing microfractures through the articular cartilage 
surface until the subchondral bone. These fractures allow the migration 
of mesenchymal cells to the affected site, and possibly their 
differentiation into chondrocytes to repair the lesion [1]. However, it is 
known that as the cells are not properly stimulated, the new formed 
tissue is generally fibrocartilage that will degenerate with time [46].  
 
Another possible treatment uses autologous tissue transplantation, also 
known as mosaicoplasty. This treatment consists of taking small 
cylinders of healthy tissue from the edges of the articular cartilage, and 
inserting them into small holes previously drilled in the injured tissue 
[4]. Similar treatments are tissue grafting, which consists in taking 
small fragments of healthy articular cartilage from other joints of the 
body and inserting them into the affected cartilage. Osteotomy is 
another invasive technique, which consist in removing part of the bone-
joint surface to reduce loads [3], [9].  
 
Tissue engineering techniques have aimed to repair cartilage by 
autologous chondrocyte implantation (ACI), resulting either in 
regenerating or replacing the injured tissue [58]. ACI is a technique that 
consist in expanding the patient´s chondrocytes through in vitro 
cultures. Once a sufficient number of chondrocytes have been obtained, 
these cells are re-implanted into the injured articular cartilage [59]. The 
use of scaffolds may enhance ACI, as these 3D structures play a pivotal 




role in the regulation of the mechanical loads that the cells receive, 
affecting their proliferation, differentiation, and maintenance of the 
chondrocytic phenotype. Moreover, scaffolds act as temporal ECM 
until the cells proliferate and start to synthetize the characteristic 
molecules of the tissue [60].  
 
The development of scaffolds in cartilage tissue engineering is 
nowadays a challenge because finding a biomimetic material that has 
similar molecular properties to the hyaline cartilage has proved difficult. 
Accordingly, several studies have focused on the development of 
biocompatible matrices mainly composed by collagen and GAGs, as 
they represent 95% of cartilage ECM [1]. Moreover, collagens provide 
high resistance to cyclic compression, while GAGs such as hyaluronic 
acid retains water within the tissue (60% - 80% of total cartilage volume) 
and provides compressive strength properties to the cartilage [4], [14].
 
Recently, hydrogels are used to mimic cartilage tissue because these 
scaffolds are produced with biocompatible natural polymers that 
resemble natural soft tissues. These matrices are composed by a 
combination of polymeric networks insoluble in water with a well-
stablished cross-linked structure [61]. Hydrogels are constituted by 
specialized materials with high permeability properties, which facilitate 
the fluid of oxygen, nutrients and biomolecules through the scaffold. 
Moreover, these non-cytotoxic 3D structures are suitable for the 
encapsulation of cells before cross-linking in situ. These features make 
the hydrogels an attractive structure to be used in cartilage tissue 
engineering. 
 
2.5 Hydrogels used for hyaline cartilage regeneration 
 
Hydrogels are composed by cross-linked hydrophilic polymeric chains. 
The morphologic organization and the physicochemical composition of 
hydrogels favor the retention of water molecules within the structure, 
while the crossing points between the polymeric chains avoid the 
dissolution of the hydrogel in aqueous solutions [62]. Hydrogels also 
provide a tridimensional structure that facilitates the biophysical 
stimulation for the cells to acquire an ideal morphology. 




Depending on the polymeric materials used for the synthesis of 
hydrogels, different structures with specific properties can be obtained 
to be used in several applications [63]. For instance, cross-linking grade 
and biodegradability are factors that, depending on the monomer 
employed and the synthesis process used, have direct influence in both 
physicochemical properties such as water retention and mechanical 
properties [62]. Hydrogels can be fabricated using synthetic or natural 
polymers. On the one hand, synthetic polymers present advantages 
regarding mechanical properties; however, they represent 
disadvantages due to a lack of interaction between cell-scaffold and 
their grade of cytotoxicity after degradation. On the other hand, natural 
polymers mimic the ECM of soft tissues and increase adhesion, 
proliferation and differentiation of cells without toxicity issues. Most 
hydrogels are made either by proteins such as collagen, gelatin, elastin 
and fibrin or by polysaccharides such as hyaluronic acid, alginate, 
agarose, cellulose and chitosan [35].  
 
The aforementioned proteins and polysaccharides are present in the 
ECM of natural tissues; therefore, cartilage tissue engineering is 
focusing on the development of 3D structures that contain these types 
of materials to further mimic and regenerate the cartilaginous tissue. 
Accordingly, some studies have shown that combined hydrogels of 
proteins-polysaccharides are suitable to maintain cell morphology and 
enhance protein synthesis. For instance, collagen scaffolds have been 
used for cartilage regeneration and the results have shown that collagen 
type I hydrogels lead the cells to undergo in distinct chondrogenic 
differentiation pathways [64], [65]. Moreover, in vivo experiments have 
evidenced that collagen scaffolds may be used for autologous 
transplantation to recover articular cartilage defects [66]. Another 
protein used to make hydrogels is gelatin. This protein is derived by 
breaking the natural triple-helix structure of collagen into single-strand 
molecules by hydrolysis [61]. Gelatin is considered as a biomimetic 
material because it presents several advantages such as 
biodegradability, low immunogenicity and low manufacturing cost. 
Gelatin is usually combined with polysaccharides to increase its 
biodegradability and biocompatibility properties. For example, gelatin-
alginate membranes demonstrated to have high hydrophilicity, 




permeance, permselectivity and a high swelling degree, indicating that 
higher concentrations of gelatin favor the transport of water molecules 
[67]. The combination of gelatin and hyaluronic acid has been also 
studied and the results have shown that this mixture constitutes a 
biocompatible and biodegradable substrate that increases gene 
synthesis of collagen type II, aggrecan, SOX-9, TGFbeta1, and TIMP1 
[68]. 
 
2.5.1 Hyaluronic acid – gelatin hydrogels 
 
2.5.1.1 Hyaluronic acid 
 
Hyaluronic acid is a family member of GAGs and is found in several 
biological tissues. This polysaccharide is formed by long chains of 
disaccharides such as D-glucuronic acid and N-acetyl glucosamine 
linked by β-1,3-glycosidic bonds (Figure 2-7) [69].  
 
 
Figure 2-7: Chemical structure of hyaluronic acid. It is constituted 
by a repetition of units of D-glucuronic acid and N-acetyl 
glucosamine. 
Modified of [69]. 
 
Hyaluronic acid stands out as a water-soluble non-toxic polymer. This 
polysaccharide is also enzymatically degradable by hyaluronidases, 
which cleaves in a single glycosidic bond on the hyaluronic acid 
backbone causing fragmentation [70]. Hyaluronic acid presents two 
chemical groups that are used for hydrogel formation: the hydroxyl and 
the carboxyl groups, respectively. These groups can be chemically 
cross-linked using different cross-linkers such as carbodiimides, e.g. 1-
ethyl-3-(3-dimethyl aminopropyl) carbodiimide/N hydroxysuccinimide 




(EDC/NHS), hydrazides, aldehydes, divinyl sulfone, 
photocrosslinking, autocrosslinking and enzymes [71], [72]. The 
chemical modification used by these stabilizers and activators regulate 
the fabrication of non-toxic hydrogels, which are suitable for cell 
culture and its gelation in situ [63]. 
 
2.5.1.2 Gelatin  
 
Gelatin is a natural polymer obtained from the denaturation and the 
partial hydrolysis of collagen, presenting the same peptide sequences as 
natural collagen [61]. Gelatin is formed by the combination of amino 
acids such as glycine, proline and hydroxyproline (Figure 2-8) [73]. 
These amino acids are linked by peptide bonds forming polymer chains 
of molecular weights between 10000 g / mol and 40000 g / mol [74]. 
The physical properties of gelatin vary according to its melting point. 
For instance, below its melting temperature (23 °C), gelatin has helical 
chains, which act as cross-linking points. Nevertheless, these helical 
chains are unstable when gelatin is above melting temperature, which 
leads to a weakening of the intramolecular bonds and to the dissolution 
of the polymer in water [75]. 
 
 
Figure 2-8: Chemical structure of gelatin. It is constituted by a 
repetition of units such as glycine, proline and hydroxyproline. 
Modified of [73]. 
 
Gelatin is a non-toxic biocompatible polymer, which may be 
enzymatically degraded by collagenase. However, the low mechanical 
resistance limits its direct application, so it is usual to use gelatin in 




combination with other polymers [76]. The physiological environment 
and the body temperature represent a problem in the solubility of 
gelatin; therefore, a chemical cross-linking is required to enhance the 
physicochemical properties of gelatin [77]. 
 
2.5.1.3 Enzymatic cross-linking of hyaluronic acid – gelatin 
 
The cross-linking of hyaluronic acid and gelatin is achieved by 
chemical modification adding phenol groups to the carboxyl groups 
(COOH) of the hyaluronic acid and gelatin. Thereafter, a cross-linking 
agent is added for hydrogel reticulation. The incorporation of phenol 
groups is carried out by adding tyramine, a monoamine that acts in the 
human body as vasoactive. Tyramine is bound to the carboxyl groups 
of hyaluronic acid and gelatin through the activator N-(3-
Dimetilaminopropil)-N'-etilcarbodiimide (EDC) and the stabilizer N-
Hidroxisuccinimide (NHS). The reaction between EDC-COOH 
generates an O-acylisourea (Figure 2-9) [78]. 
 
 
Figure 2-9: Reaction of hyaluronic acid or gelatin chains to form 
EDC carbocation (1) and O-acylisourea (2). 
Modified of [78]. 
 
Thereafter, the O-acylisourea reacts with both the NHS and the amine 
group of the tyramine in order to form an amide bond (Figure 2-10). 
This process induces the obtainment of hyaluronic acid and gelatin 
chains modified with phenol groups for subsequent enzymatic gelation 
[79].  





Figure 2-10: Representative scheme of the chemical reaction for 
obtaining hyaluronic acid or gelatin grafted with tyramine using O-
acylisourea.  
Modified of [79]. 
 
Once the tyramine is grafted onto the polymeric chains, the cross-
linking process is carried out by adding horseradish peroxidase (HRP), 
that catalyzes the cross-linking reaction and hydrogen peroxide (H2O2), 
which acts as oxidizing agent of the tyramine molecules (Figure 2-11) 
[70]. 





Figure 2-11: Diagram of the cross-link bonds formed in the gelation 
of hyaluronic acid and gelatin hydrogels using HRP and H2O2.  
Modified of [70]. 
 
2.5.1.4 Advantages of hyaluronic acid – gelatin hydrogels 
 
Tyramine conjugates of hyaluronic acid and gelatin are injectable 
hydrogels formed by enzymatic cross-linking reactions. The main 
advantage of these hydrogels is that they are not cytotoxic and can be 
injected directly into the injured tissue. It means that the hydrogel can 




be inserted to fill the damaged zone before gelation and cover the 
affected area. This procedure can fill irregular shaped defects and the 
surgical interventions are less invasive compared with the surgeries to 
transplant preformed hydrogels [80]. Another advantage is that the cells 
can be seeded within the hydrogel before transplanting it. Once the 
hydrogel-cells mixture is done, the dissolution is located into the 
wounded tissue and cross-linked in situ. This procedure allows the 
inclusion of growth factors, proteins and other substances that will be 
homogenously distributed throughout the hydrogel once it is formed 
[61]. 
 
Hyaluronic acid has several biological functions; for instance, the 
receptors located in its chemical composition provide binding points 
between the cells and the ECM [81]. Additionally, this polysaccharide 
participates in both wound healing processes and the regulation of cell 
dynamics such as cell migration during angiogenesis, cell 
differentiation, proliferation and adhesion [82]. In the case of gelatin, 
this protein contains arginine-glycine-aspartic acid adhesion sequences, 
which are recognized by the integrins located in the cell membrane to 
promote cell adhesion [83]. The formation of this complex adhesions, 
also known as focal adhesions, trigger the formation of the actin 
cytoskeleton and the expression of genes involved in the processes of 
proliferation, differentiation and migration [84]. 
 
According to the aforementioned, a 3D structure composed by 
hyaluronic acid provides greater hydration and a better diffusion of 
nutrients. Moreover, the content of this polysaccharide not only 
increases the mechanical properties of the construct such as greater 
support to compression, tension and shear loads, but also enhances the 
physicochemical properties such as swelling degree, viscoelasticity and 
permeability [85]. Additionally, if the 3D structure contains gelatin, it 
will generate an ideal environment in which the cells can adhere to the 
ECM. In addition, gelatin promotes proliferation, differentiation, 
migration and synthesize of the characteristic molecules of a specific 
tissue. Overall, the combination of hyaluronic acid - gelatin is a 3D 
microenvironment rich in polysaccharides and proteins that provide 
water retention of molecules, resistance to compressive strengths and 




support to cyclic compression. This injectable hydrogel is a promising 
tool that may enhance cartilage tissue engineering approaches focused 
on cartilage restoration. 
 
2.5.1.5 Effect of hyaluronic acid – gelatin hydrogels in 
chondrogenesis 
 
Mesenchymal stem cells are promising cells that have been used to 
induce chondrogenesis, due to the fact that these cells have 
demonstrated a well-stablished differentiation towards a chondrocytic 
lineage [86]. The successful expression of different cartilage-specific 
markers makes mesenchymal stem cells an attractive cell type for 
treating articular cartilage defects. Nevertheless, the in vitro 
differentiation of these cells also promotes the expression of 
fibrocartilage-like molecules such as collagen type X [87]. Taking this 
into consideration, there is a need to implement a three-dimensional 
construct that promotes chondrogenic differentiation by stimulating the 
production of molecules such as aggrecan, collagen type II and SOX-9 
[85], [88]–[90]. In this context, hyaluronic acid - gelatin hydrogels have 
been implemented as a biomedical alternative to stimulate the 
chondrogenesis process. For instance, Angele et al., cultured human 
mesenchymal stem cells into three different compositions of hyaluronic 
acid/gelatin (100/0 %, 95/5 % and 70/30 %). The results indicated that 
hydrogels of 95/5 % and 70/30 % of polymer concentrations increased 
the contents of PGs and collagen type II [91]. Similarly, a study 
developed by Pfeifer et al., in which they used the same concentration 
of hyaluronic acid and gelatin previously described, showed that cell 
viability was higher at the beginning of the culture in hydrogels with a 
composition of 70/30 %, while the mixture of 5/95 % evidenced an 
increase in cell proliferation after 10 days of culture. Regarding the 
molecular production, it was evidenced that hydrogels of pure 
hyaluronic acid content (100/0 %) yielded the best synthesis of collagen 
type II, while GAGs content increased over time within every scaffold 
composition [92]. A similar study was performed by Moulisová et al., 
in which bone marrow mesenchymal stem cells were cultured into 
different proportions of hyaluronic acid – gelatin (100/0 %, 70/30 %, 
50/50 %, 30/70 %, and 0/100 %). The results varied in this study 




according to the culture media used for cell culture. For example, 
hybrids cultured in basal media experienced an increase in cell 
proliferation, in comparison with the scaffolds that were cultured in 
presence of growth factors such as TFG-β3. On the other hand, the 
molecular expression of aggrecan and SOX-9 were higher in all 
mixtures using both basal media and chondrogenic media. It was also 
possible to observe that GAGs were synthetized in all hybrids, except 
in hydrogels that contained just gelatin. Finally, the expression of 
collagen type II was higher in hydrogels that have a composition of 
70/30 %, and that were cultured using basal media [85]. Chen et al., 
implemented hyaluronic acid – gelatin hydrogels as a natural matrix for 
nucleus pulpous cells culturing. Results showed that hydrogels 
increased the genetic expression of chondrogenic markers such as SOX-



















































































3.1 Summary2  
 
Long bone formation starts early during embryonic development 
through a process known as endochondral ossification. This is a highly 
regulated mechanism that involves several mechanical and biochemical 
factors. Because long bone development is an extremely complex 
process, it is unclear how biochemical regulation is affected when 
dynamic loads are applied, and also how the combination of mechanical 
and biochemical factors affect the shape acquired by the bone during 
early development. In this study we develop a mechanobiological 
model combining: 1) a reaction-diffusion system to describe the 
biochemical process and 2) a poroelastic model to determine the 
stresses and fluid flow due to loading. We simulate endochondral 
ossification and the change of long bone shapes during embryonic 
stages. The mathematical model is based on a multiscale framework, 
which consisted in computing the evolution of the negative-feedback 
loop between Ihh/PTHrP and the diffusion of VEGF molecule (on the 
order of days) and dynamic loading (on the order of seconds). We 
compare our morphological predictions with the femurs of embryonic 
mice. The results obtained from the model demonstrate that pattern 
formation of Ihh, PTHrP and VEGF predict the development of the 
main structures within long bones such as the primary ossification 
center, the bone collar, the growth fronts and the cartilaginous 
epiphysis. Additionally, our results suggest high load pressures and 
frequencies alter biochemical diffusion and cartilage formation. Our 
model incorporates the biochemical and mechanical stimuli and their 
interaction that influence endochondral ossification during embryonic 
growth. The mechanobiochemical framework allows us to probe the 
effects of molecular events and mechanical loading on development of 
bone.
 
                                                     
2 The results presented in this chapter has been published in: J. J. Vaca-González, M. 
Moncayo-Donoso, J. M. Guevara, Y. Hata, S. J. Shefelbine, and D. A. Garzón-
Alvarado, “Mechanobiological modeling of endochondral ossification: an 
experimental and computational analysis”. Biomech. Model. Mechanobiol., vol. 17, no. 







Long bone formation starts early during embryonic development with 
the formation of a cartilaginous mold known as anlage by a process 
called chondrogenesis [94]–[96]. This cartilage mold is ossified 
through a process known as endochondral ossification, which is a 
highly regulated mechanism that involves several mechanical and 
biochemical factors [28], [97]. Long bones experience a loading 
environment generated by different sources such as the body weight, 
the restrictions imposed by nearby structures (periosteum, 
perichondrium, Lacroix ring and adjacent bones) and the tensile 
influences exerted by muscles [54], [98], [99]. Mechanical stimuli such 
as compressive loads, shear stress and hydrostatic pressure have 
influenced the cell dynamics in terms of proliferation, hypertrophy, 
apoptosis and expression of growth factors (VEGF, TGFβ, PTHrP) 
[100]–[102]. Mechanical loading of the growth plate is a regulator of 
bone growth and ossification [54], [103]–[106], and can influence the 
morphology of the femur [107], [108]. Regarding the biochemical 
factors, Indian hedgehog (Ihh), parathyroid hormone-related protein 
(PTHrP) and vascular endothelial factor (VEGF) are considered the 
main molecules controlling endochondral bone development [21], [28]. 
Ihh is a member of the hedgehog family expressed during long bone 
growth by pre-hypertrophic chondrocytes [25]. It is also a master of 
bone cells differentiation and acts on perichondrial cells to convert them 
into osteoblasts and form the bone collar [21], [109]. PTHrP is a protein 
expressed during fetal stage in the periarticular perichondrium at the 
end of cartilage mold by proliferative chondrocytes [26]. The transition 
of chondrocytes from proliferative to hypertrophic within the growth 
plate is primarily regulated through a negative feedback loop between 
Ihh/PTHrP [27]. PTHrP acts on proliferative chondrocytes to maintain 
proliferation, and at the same time, it inhibits the production of Ihh. 
Thus, if the production of PTHrP is sufficiently distant from the 
proliferative zone of the growth plate, the production of Ihh will start in 
the pre-hypertrophic zone. Ihh acts on proliferative chondrocytes to 
promote their proliferation through PTHrP synthesis stimulation [21], 
[27], [97], [110]. In addition to these two molecules, VEGF has been 
involved in blood vessel invasion into hypertrophic cartilage and its 




ossification [29]. VEGF is an angiogenic stimulator which is 
synthesized by hypertrophic chondrocytes that also induce migration 
and differentiation of osteoblast and osteoclast [28]. VEGF is a specific 
mitogen for vascular endothelial cells to serve as an important mediator 
during the endochondral ossification process, especially in the 
formation of the primary ossification center (POC), due to its ability to 
regulate neovascularization into hypertrophic cartilage [27], [29], [30]. 
Once blood vessels are created, they allow the entrance of mesenchymal 
cells into the ossification front near to the hypertrophic zone of the 
growth plate. These cells differentiate into osteoblast and engage in 
osteogenesis [31]. 
 
In order to study experimentally, the early stages of long bone 
formation during embryonic development researchers have been able to 
observe details about bone development in bovines, equines and 
humans using techniques such as magnetic resonance imaging (MRI) 
[111]. Cole et al., showed that in a prenatal stage the diaphysis of the 
murine femur is completely ossified, and the epiphyses are avascular 
cartilage tissues (Figure 3-1). Moreover, they elucidate in postnatal 
development the differences between proximal and distal epiphysis 
ossification. These findings revealed that the murine femur provides an 
in vivo model for epiphyseal development, mineralization, physeal 
resorption and the development of the vascular supply of bone [112].  
 
Mathematical models of the endochondral ossification process have 
been developed. For instance, the mathematical models implemented 
have simulated the effect of mechanical loading on the endochondral 
ossification, examining formation of the secondary center [113], [114], 
growth plate progression [115], and growth plate zone size [103], [104], 
and development of bone deformities [116]. Our group has previously 
used computational models based on the reaction–diffusion equations 
to explain how biochemical factors affect long bone formation, 
including the Ihh/PTHrP-negative loop and VEGF stimulator within the 
growth plate and bone rudiment [28], [105], [117], [118], the spongiosa 
primary development [104], [119], the growth pattern of the secondary 
ossification center [104], [117], [120], and the formation of 






Figure 3-1: Generic long bone parts.  
 
Previous mathematical models of endochondral ossification have 
studied the mechanical and biochemical factors involved in bone 
development separately. Moreover, those models have evaluated long 
bone formation assuming a preexisting bone shape and ossification of 
the primary center [28], [103], [113], [120], [121]. Here we present a 
mathematical model that simulates the endochondral ossification 
process from a pure cartilage anlage to formation (but no ossification) 
of the epiphyses taking into account biochemical reactions and 
mechanical loading. The aim of our research was to study 
experimentally the morphological development of a mice femur in 
prenatal stage and the implementation of a mechanobiological model to 
assess computationally the effect of mechanical loads on the behavior 
of Ihh/PTHrP negative loop and VEGF protein during long bone growth 
and shape. The mechanobiochemical model considers Ihh, PTHrP and 
VEGF, the effect of the active (convection) and passive (diffusion) 
transport on these molecules and the mechanical effect on the growth. 
Thus, the model could reproduce the shape, internal structures as POC, 
bone collar, growth fronts and the distribution of the concentration of 
each molecule that could be corroborated by histological previous 




reports [8], [27], [95]. This mechanobiological model may be useful to 
simulate effects of altered loads or variations in molecular 
concentration in order to predict skeletal abnormalities.
 
3.3 Materials and methods 
 
An experimental analysis and a mechanobiological model were 
implemented to observe and simulate the endochondral ossification 
process of a femur during embryonic development. The experimental 
assay consisted of analyzing the morphological changes in the femur of 
a mice embryo through histologies and imaging, while with the 
mathematical model it was intended to predict the role of mechanical 
and biochemical factors during long bone formation. 
 
3.3.1 Experimental data 
 
3.3.1.1 Tissue samples 
 
Balb/c mice were obtained from the Basic Science—Faculty Pharmacy 
Department—and killed at the Biomimetics Laboratory of the 
Biotechnology Institute at Universidad Nacional of Colombia. Femurs 
from mice in prenatal stages at 15 (E15), 17 (E17) and 19 (E19) days 
of age were isolated and fixed in 4% of formaldehyde. 
Recommendations from the ethics committee were taken into account 
for this procedure, following the Article 11 of Resolution No. 008430 
of 1993 of the Colombian Ministry of Health. The gestational age of the 
female mice was measured taking the appearance of the vaginal plug 
which represent the first day of pregnancy. 
 
3.3.1.2 Measurement of length and thickness 
 
Measurements of length and thickness of the epiphysis were taken from 
femurs isolated at days 15, 17 and 19 of pregnancy. Measurements were 
taken by triplicate through an image analysis from pictures using the 
software ImageJ version 1.48. 
 




3.3.1.3 Alcian blue/Alizarin red staining 
 
The histological evolution of the endochondral ossification process was 
analyzed with Alcian blue and Alizarin red [122], [123]. Embryos were 
submerged in a solution of Alcian blue at 0.03% during 3 days at room 
temperature. Then, samples were washed with ethanol at 95% during 6 
h in constant agitation. Later, samples were washed with a solution of 
KOH at 2% in a time period of 12–24 h at room temperature. Once 
Alcian blue staining was done, embryos were submerged in a solution 
of Alizarin red at 0.03% during 24 h at room temperature. Then, 
samples were washed 3 times with glycerol/1% KOH with a gradual 
increase in glycerol concentration (20, 50 and 80%); each wash had an 
incubation time of 24 h at room temperature. Finally, all stained 
embryos were stored in glycerol at 100% and were submitted to a 
transparency process with KOH before staining. 
 
3.3.1.4 Histological and image analysis 
 
For histological analysis of embryonic stage bones, samples were 
embedded in paraffin and sectioned at 5 μm and observed 
microscopically. Images from epiphyses, POC and growth plates were 
taken using a microscope with integrated camera (Nikon TE300, 




Micro-CT image acquisition was done after phosphotungstic 
hematoxylin staining that allows to observe the soft tissue. All samples 
were scanned using an X-ray microtomography Xskyscan 1172 (Micro 
Photonics, Allenton, PA, USA), and the acquisition parameters were 
adjusted to 60 kV, 124 μA, 180° with 6 pictures on average and a 
rotation time of 0.6. The 3D reconstruction was performed using 
NRECON (Micro Photonics, Allenton, PA, USA). A 10-unit factor 
signal edition and artifact corrections for a 60% beam hardening were 
used. The 3D images were generated using CtVox (Micro Photonics, 
Allentown, PA, USA). 
 




3.3.2 Mathematical model 
 
3.3.2.1 Geometrical model and boundary conditions 
 
A bi-dimensional domain to represent the anlage with an initial 
condensation of chondrocytes was performed in this study (Figure 3-2).  
 
 
Figure 3-2: Representative scheme of the anlage geometry and 
boundary conditions.  
A) Dimension of the anlage and boundary conditions. B) The loads 
applied to the mold were distributed in four parts, two loads were 
applied at the top of the anlage, while two loads were applied at the 
bottom. Loads were applied as a sine wave, a step and a ramp. 
 
The length (1 mm) and width (0.2 mm) of the cartilage mold were 
obtained from [124]. The 2D domain was meshed using 4-node 
elements in order to obtain 14,738 nodes and 14,504 elements, 
respectively. A mesh refinement was done in two specific locations of 
the anlage in order to better visualize the results when the growth fronts 
appeared (Figure 3-2A). In this study, the boundary conditions and 
loads have been assumed in order to simulate the development of a 
femur. The model was fixed at three central nodes in order to prevent 
movement in x and y directions. 
 




3.3.2.2 Mechanical factors and material properties 
 
Cartilage exhibits a biphasic behavior; therefore, it can be analyzed as 
a poroelastic material [121]. Poroelastic behavior is defined by [125]: 
 
−𝛻 ∙ 𝝈 +  𝛻𝑃  = 0 Eq. 3-1 
𝜕
𝜕𝑡
(𝛻 ∙ 𝒖)  − ∇ ∙ (𝑘𝛻𝑃) = 0 Eq. 3-2 
 
Eq. 3-1 is derived from the conservation momentum law. This equation 
couples a linear elastic term (−𝛻 ∙ 𝜎) with a term that represents the 
fluid pressure (𝛻𝑃). Eq. 3-2 is the difference between the dilatation 
change in a solid matrix (
𝜕
𝜕𝑡
(𝛻 ∙ 𝑢)) and the mechanical load created by 
the divergence of the fluid pressure gradient, where 𝑘  is the 
permeability of the solid. 
 
Dynamic loads were applied at the top and bottom of the anlage using 
three different pressure profiles: a sine wave, a step load and release 
and a ramp load (Figure 3-2B). In order to simulate the endochondral 
ossification of a femur, two loads were applied at the top of the anlage, 
representing the force on the greater trochanter and the acetabulum. 
Two loads were applied at the bottom of the anlage simulating the 
forces at femoral condyles. In this study, a load of 1 mN/mm2 was 
assumed based on muscle cross-sectional area and allowable maximum 
embryonic muscle stress [116], [126]. Frequencies of 0.01, 0.1, 1 were 
selected to apply the dynamic mechanical loading because these are 
similar to frequencies of muscle contraction in utero [127]. 
Additionally, a frequency of 10 Hz was modeled in order to predict the 
effect of high magnitudes in long bone formation. Simulations were 
also performed with only the reaction–diffusion equations in order to 
observe the growth without mechanical loading. The material 
properties used in this study for each tissue type were poroelastic 








Table 3-1: Material properties used in finite element model. 
Cartilage properties are applied to the anlage and the growth fronts, 
immature bone properties are applied to the POC and mature bone 
properties are applied to the bone collar [128].  




10 1000 6000 
Permeability 
(m4/Ns × 10−14) 
0.5 0.1 0.37 
Poisson's ratio 0.167 0.3 0.3 
 
3.3.2.3 Molecular regulatory system 
 
In this study, it was considered that endochondral ossification process 
is regulated by three molecules: Ihh, PTHrP and VEGF, the main 
regulators of bone growth [26], [28], [102], [114], [118], [120], [121]. 
Other growth factors such as FGF, BMPs and WNTs are involved in 
bone development, but have not yet been shown to have a clear role in 
endochondral ossification and were not considered in this study. The 
time variation of the concentration of the negative feedback loop 
between Ihh/PTHrP and the concentration of VEGF was modeled by a 





+ ∇ ∙ (𝒗𝑻 𝑆i ) = 𝐷i ∇
2𝑆i + 𝑓(𝑆i , 𝑡) Eq. 3-3 
 
where 𝑆i  is the concentration of the interacting molecule, 𝒗𝑻 is the total 
velocity vector, 𝐷i  is the diffusion coefficient of the molecule and 
𝑓(𝑆i , 𝑡) is the production rate of the molecule 𝑖. The reaction term 𝑓 
includes the interactions between molecular factors and their synthesis 
by the cells. In Eq. 3-3 the total velocity vector ( 𝒗𝑻  ) has two 
components which are the fluid velocity and growth tissue velocity. The 
first one is given by the fluid in the poroelastic model (𝒗𝒇 = −𝒌∇p) and 




the second one is given by the growth tensor (𝒗𝒈). Accordingly, the 
total velocity vector can be written as follows: 
 
  𝑣𝑇 = 𝑣𝑓 + 𝑣𝑔 Eq. 3-4 
 
Replacing 𝒗𝑻 in Eq. 3-4, the term ∇ ∙ (𝒗𝑻 𝑆i ) may be written as: 
 
 
∇ ∙ (𝒗𝑻 𝑆i ) =  𝒗𝒇 ∙  ∇ (𝑆i) + 𝒗𝒈 ∙  ∇ (𝑆i) + (𝑆i) ∇ ∙  𝒗𝒇  
+ (𝑆i) ∇ ∙  𝒗𝒈 
Eq. 3-5 
 
Simplifying Eq. 3-5 and considering the incompressibility of the fluid 
in the tissue, the term ∇ ∘ 𝒗𝒇 = 0. Additionally, since the model is 
being developed in a Lagrangian framework (material description), it is 





=   
𝜕𝑆i 
𝜕𝑡
+ 𝒗𝒈 ∙  ∇ (𝑆i) Eq. 3-6 
 





+ 𝛻 ∙ (𝒗𝑻 𝑆i ) =  
𝐷𝑆𝑖
𝐷𝑡
+ 𝒗𝒇 ∙  ∇ 𝑆i + 𝑆i  ∇ ∙  𝒗𝒈   Eq. 3-7 
 
Where the term 
𝐷𝑆𝑖
𝐷𝑡
 is the total variation in time of the molecule 
concentration of a material point in the domain, the term (𝒗𝒇 ∙  ∇ 𝑆i) 
represents the convection or the active transport of the molecule 𝑆𝑖 due 
to the fluid velocity 𝒗𝒇 , and the term ( 𝑆i  ∇ ∙  𝒗𝒈 ) represents the 
concentration change due to dilatation (growth) of the domain. 
 
The model was performed in two different scales of time. The first-time 
scale was for growth in days, while the second one was for the applied 
loads in seconds. In order to observe how the velocity of fluid flows in 




the anlage affects the growth and diffusion of the molecules during the 
endochondral ossification process, the fluid velocity 𝒗𝒇 was calculated 
as average velocity (Eq. 3-8) or the maximum velocity (Eq. 3-9) in each 








 Eq. 3-8 
𝒗𝒇𝒎𝒂𝒙 = {𝒗𝒊}𝒕𝒊=𝟏,𝒏
𝒎𝒂𝒙  Eq. 3-9 
 
Where 𝒗𝒇̅̅ ̅ represents the average velocity in each node 𝑖, 𝒗𝒇𝒎𝒂𝒙 is the 
maximum velocity in each element, 𝑛 represents the steps in a time 𝑡 
and 𝒗𝒊 is the velocity in each node. 
 
The reaction-diffusion system is based on an activator (PTHrP) which 
diffuses quickly and the inhibitor (Ihh) that diffuses slowly. In the 
activator-inhibitor system proposed here, PTHrP inhibits Ihh synthesis, 
while Ihh promotes PTHrP expression [54], [129]. The differential 





+ ∇ ∙ (𝒗𝑻 𝑆PTHrP )
= 𝐷PTHrP ∇





+ 𝛻 ∙ (𝒗𝑻 𝑆Ihh )
= 𝐷Ihh 𝛻






Where 𝑆PTHrP and 𝑆Ihh  are the concentration of Ihh or PTHrP, 𝐷PTHrP  
and 𝐷Ihh  are the diffusion coefficients of Ihh or PTHrP, and 
𝑓(𝑆PTHrP , 𝑆Ihh ) and 𝑔(𝑆PTHrP , 𝑆Ihh ) are the reaction terms between 
the two molecules. In this model, it was assumed that Ihh is synthetized 
by proliferative chondrocytes and PTHrP is synthetized by pre-
hypertrophic chondrocytes. Therefore, the production of PTHrP and Ihh 
depends on chondrocytes concentration of each [117]. The reaction 
terms for Ihh and PTHrP are written as follows: 





𝑓(𝑆𝑃𝑇𝐻𝑟𝑃 , 𝑆𝐼ℎℎ) = 𝛾𝐶𝑝(𝛼1 − 𝑆𝑃𝑇𝐻𝑟𝑃 + 𝑆𝑃𝑇𝐻𝑟𝑃
2  𝑆𝐼ℎℎ) Eq. 3-12 
𝑔(𝑆𝑃𝑇𝐻𝑟𝑃 , 𝑆𝐼ℎℎ) = 𝛾𝐶𝑝(𝛼2 − 𝑆𝑃𝑇𝐻𝑟𝑃
2  𝑆𝐼ℎℎ) Eq. 3-13 
 
Where 𝛾 is rate value for the reaction term, 𝐶𝑝 is the concentration of 
proliferative chondrocytes, 𝛼1  and 𝛼2  are constant source terms that 
quantify the production of each molecular factor by cells, and the term 
𝑆𝑃𝑇𝐻𝑟𝑃
2  𝑆𝐼ℎℎ  represents the nonlinear production of PTHrP by the 
presence of Ihh, and the degradation of Ihh by the presence of PTHrP 
[130]. 
 
Using the definition of equation (Eq. 3-7), the left hand side of Eq. 3-10 




+ 𝒗𝒇 ∙  ∇ 𝑆PTHrP  + 𝑆PTHrP   ∇ ∙  𝒗𝒈   
= 𝐷PTHrP ∇





+ 𝒗𝒇 ∙  ∇ 𝑆Ihh  + 𝑆Ihh   ∇ ∙  𝒗𝒈   
= 𝐷Ihh 𝛻




We analyzed the sensitivity of the reaction-diffusion system by 
examining what happens when Ihh and PTHrP are not expressed or are 
overexpressed. Eq. 3-14 and Eq. 3-15 establish a nonlinear interaction 
between the activator PTHrP and an inhibitor Ihh. Patterns, called 
Turing patterns, can emerge when certain requirements are fulfilled 
[131]. The reaction-diffusion system must satisfy Eq. 3-16, Eq. 3-17 
and Eq. 3-18 in order to guarantee the stability and pattern formation 



















> 0 Eq. 3-17 

























Where the functions are evaluated in the steady state solution (𝑆𝑢
∗ , 𝑆𝑣
∗), 
which is given by 𝑓(𝑆𝑢
∗ , 𝑆𝑣
∗) = 0 and 𝑔(𝑆𝑢
∗ , 𝑆𝑣
∗) = 0. If the parameters 
of Eq. 3-14 and Eq. 3-15 satisfy the inequalities Eq. 3-16, Eq. 3-17, 
and Eq. 3-18, then the equations are in the Turing space parameters. 
 
3.3.2.4 VEGF diffusion 
 
VEGF promotes the vascularization of the hypertrophic zone of the 
growth fronts in order to form the bone [29]. The diffusion of VEGF 





+ 𝒗𝒇 ∙  ∇ 𝑆𝑉𝐸𝐺𝐹 + 𝑆𝑉𝐸𝐺𝐹  ∇ ∙  𝒗𝒈
= 𝐷𝑉𝐸𝐺𝐹∇




⏟              
Logistic growth
+  𝜒𝑉𝐸𝐺𝐹𝐶𝐻 
Eq. 3-19 
 
Where 𝑆VEGF represents the concentration of VEGF in the tissue and 
𝐷VEGF is the diffusion coefficient of the molecule. Eq. 3-19 has a term 
that represents the logistic growth of a given population. In this case, 
this population is represented by 𝑃𝑉𝐸𝐺𝐹  which indicates the VEGF 
molecule widespread in the domain, 𝐶𝐻  is the concentration of 
hypertrophic chondrocytes, 𝑟 is the exponential growth rate of VEGF 
and  𝜒𝑉𝐸𝐺𝐹  represents the constant production of VEGF by the 
hypertrophic chondrocytes. 
 
3.3.2.5 Growth rate 
 
Growth and morphogenesis were controlled by biochemical and 
mechanical factors. It was assumed that the mechanical loading has 
little influence early in development (before joints form and muscles 
contacts), and the growth rate of the anlage is a process purely 




biochemical that only depends on Ihh and PTHrP. The equation that 





  𝑑𝑖 + 𝛼𝑃𝑇𝐻𝑟𝑃
𝑖 𝑆𝑃𝑇𝐻𝑟𝑃 + 𝛼∇𝑃𝑇𝐻𝑟𝑃










𝒈𝒓𝒐𝒘𝒕𝒉(𝒙, 𝒚)  is the strain tensor of the growth rate, 𝑑𝑖  is a 
constant related with tissue elongation, 𝑆𝑃𝑇𝐻𝑟𝑃  and 𝑆𝑖ℎℎ  are the 
concentrations of the molecules PTHrP and Ihh and 𝛼𝑃𝑇𝐻𝑟𝑃
𝑖  and 𝛽𝑖ℎℎ
𝑖  
are constants that indicate the influence of the concentration of each 
molecule on the isometric growth, 𝛼∇𝑃𝑇𝐻𝑟𝑃
𝑖  and 𝛽∇𝑖ℎℎ
𝑖  are constants 
which determine how much the gradient of the concentration of each 
molecule influences on directional growth.  
 
At later stages of development, tissue growth depends on the molecule 
concentrations, and on the dynamic hydrostatic stress. The equation that 
represents later growth is written in general form as: 
 
𝒅𝒊,𝒋
𝒈𝒓𝒐𝒘𝒕𝒉(𝑥, 𝑦) =  {
        𝑑𝑖 + 𝛼𝑃𝑇𝐻𝑟𝑃












𝐷  is the growth constant in the dynamic state, 𝜎𝐻
𝐷  is the 
dynamic hydrostatic stress obtained from the poroelastic model. The 
hydrostatic stresses obtained from the simulations were the result of the 
sum between pore pressure and the trace of the matrix stress. 
Chondrocytes in resting and proliferative zones of the growth front can 
proliferate to promote growth of the femoral head. This volumetric 
expansion of the tissue is due to a constant increase in cell 
concentration, which is controlled by the molecular synthesis of PTHrP 
and the compressive hydrostatic stresses, respectively. For this reason, 
in equation Eq. 3-21 the PTHrP concentration and the hydrostatic 
stresses are multiplied since to a high concentration of these two factors, 




the growth of the tissue will be higher in comparison with regions where 
the PTHrP or hydrostatic stresses are lowest. 
 
3.3.2.6 Bone collar formation 
 
The bone collar is a tissue of the perichondrium which is the initial 
ossification of the cartilage mold [21]. This structure is formed during 
endochondral ossification by a remaining concentration of Ihh in the 
perichondrium that differentiates perichondrial cells into osteoblasts 
[109]. Taking this into account, the Eq. 3-22 is stablished to form the 
bone collar, where 𝑆𝑃𝑇𝐻𝑟𝑃
𝑇𝐻𝑟  represents a threshold value of the 
concentration of Ihh in the perichondrium. 
 
𝑆𝐼ℎℎ > 𝑆𝐼ℎℎ
𝑇ℎ𝑟 Eq. 3-22 
 
3.3.2.7 Bone elongation and ossification 
 
An algorithm to model cartilage elongation and ossification was 
developed. First, the algorithm identifies the stratified columns of the 
proliferative zone of the growth front (Figure 3-3 left side). Then, the 
chondrocytes begin to hypertrophy in order to start the vascularization 
at the ossification front (Figure 3-3 center). Finally, the hypertrophic 
chondrocytes direct the formation of mineralized matrix, attract blood 
vessels, and undergo apoptosis (Figure 3-3 right side). Here, it is 
crucial to take into account the time that a chondrocyte takes in forming 
the different growth plate zones and mineralize the tissue. According to 
[16], this time is 24 h; therefore, in the present model the time that a 
cell takes to form the growth fronts, then mineralize the tissue and dye 
by apoptosis is approximately 20 h. 
 
The magnitude and direction of ossification front (cartilage turning into 
bone) was determined by the following equation: 
 
𝒅𝒊,𝒋



















𝑇ℎ𝑟  is represents a threshold value of the concentration of 
PTHrP in the hypertrophic zone of the growth plate, 𝜇𝑥,𝑦 is a growth 
constant and 𝑔𝑟𝑎𝑑 𝑆𝑉𝐸𝐺𝐹 is the gradient of the concentration of VEGF 
in the ossification front. The parameters of the equations described 
above are listed in Appendix A. 
 
 
Figure 3-3. Representative scheme of bone elongation and 
ossification on the growth plate zone.  
In this model each column in the proliferative zone of the growth plate 
has the possibility to grow independently.  
 
3.3.2.8 Model Implementation 
 
A multiscale approach in time was performed to solve the mathematical 
model (Figure 3-4) because diffusion of Ihh, PTHrP and VEGF occurs 
over days, while the cyclic loading is applied in seconds. Ihh and PTHrP 
are first randomly distributed as initial condition around a steady state 
by the chondrocytes within the anlage. When the loads are applied, the 
fluid velocities and dynamic hydrostatic stresses are stored for each 
node and included into the equations that govern cartilage elongation 
and mineralization. This process is repeated until the levels of Ihh 
achieve a threshold value in the center of the cartilage mold (𝑆𝐼ℎℎ
𝑇ℎ𝑟 =
0.85). Once the Ihh levels are high in the diaphysis (between 0.93 and 
0.975), the chondrocytes hypertrophy allowing blood vessels invasion 
to form the POC. The remainder Ihh concentrations at the edge of the 
diaphysis induce differentiation of perichondrial cells into osteoblasts 
to form the bone collar. 





Figure 3-4: Representative scheme of the multiscale computational 
modeling. 




When the POC is completely ossified, the chondrocytes located in the 
metaphysis are arranged in three different zones (resting, proliferative 
and hypertrophic) forming the growth fronts. This process is repeated 
until the epiphyseal plates are formed. When the growth fronts are 
created, the hypertrophic chondrocytes located at the ossification front 
begin the mineralization of the tissue. To mineralize the tissue, the 
algorithm seeks the columns that form the proliferative zone of the 
growth fronts and make that the chondrocytes enter in hypertrophic 
state, causing elongation, angiogenesis and ossification of the bone. 
This final process is repeated until it has reached the 19 days of 
embryonic gestation (Figure 3-3). 
 
The equations previously described were implemented and numerically 
solved in a finite element framework to simulate the endochondral 
ossification process. The computational simulation was performed in 
an incremental-iterative scheme which allows to compute the evolution 
of the negative-feedback loop between Ihh/PTHrP and the diffusion of 
VEGF molecule, while the mechanical loads are been applied. The 
mechanobiological problem was solved in ABAQUS 6.5.1 by means of 
a UEL subroutine developed in FORTRAN 90 (Formula Translating 
System, New York, USA), and the results were visualized in TECPLOT 




3.4.1 Femur Morphogenesis 
 
Experimental results indicate that femur increased in length by 2.24 mm 
and in thickness by 0.3 mm from E15 to E19 (Figure 3-5). 
Morphologically, the bony rudiment at E15 presents the beginning of a 
femoral head, the greater trochanter and the condyles (Figure 3-6A). 
At this stage, the micro-CT allows to observe the presence of the POC 
and the growth fronts. At E17 the femur increased in size, especially 
proximally (Figure 3-6B). In addition, the femoral head starts to 
develop allowing the formation of the femoral neck. There is histologic 
evidence of a slightly reddish staining in the diaphysis that indicates the 
calcium deposition due to the presence of the POC. 





Figure 3-5. Length and thickness curves of a Balb/c mice femur 
(n=3/time point).  
A) Longitudinal growth of femur in embryonic stage. B) Growth in 
thickness of the bone in embryonic stage. 
 
Additionally, the histologies showed chondrocytes forming the 
different zones of the growth front, where round chondrocytes 
randomly distributed form the reserve zone, oval chondrocytes 
arranged into columns form the proliferative zone and big round 
chondrocytes form the hypertrophic zone. Close to birth, the embryo at 
E19 presents a femur in which the diaphysis is completely ossified, and 
the femoral head and greater trochanter are more defined (Figure 
3-6C). In addition, at this stage (E19) it is evidenced the transition zone 
from proliferative to hypertrophic chondrocytes. 
 
Considering that experimental analysis was performed from 15E to 
19E, in this study there is no evidence about the anlage formation and 
its evolution before 15E. However, the computational model simulated 
formation from (E1) to the final embryonic stage (E19) (Appendix B). 
The results obtained from the simulations were comparable to the 
experimental data, with the appearance of the POC, bone collar and the 
growth fronts and the shape of the femoral head and greater trochanter 
(Figure 3-7). The model that best predicted the experimental shape, 
was for frequency of 0.01 Hz and a step signal (Figure 3-7A). Bone 
length and thickness varied slightly between simulations and with 
experimental measures (Appendix C). Bone morphology changed 
when the mechanical load was not applied, with no formation of the 






Figure 3-6. Comparison between the computational model and the 
experimental data.  
The model shown in the left side of the figure correspond to the 
simulation performed with a frequency of 0.01Hz and a step signal. A) 
Beginning of bone development and the apparition of the internal 
structures at E15. B) A POC and growth plates completely formed at 
E17. C) Formation of the femoral head, the trochanter and he 
condyles at E19. 
 
3.4.2 Biochemical Regulation 
 
The biochemical synthesis of Ihh, PTHrP and VEGF for E19 is shown 
in Figure 3-8. 





Figure 3-7. Bone morphology with and without mechanical load.  
A) Changes of the growth and thickness of the bone during embryonic 
development (E15, E17 and E19) with different frequencies and 
signals. The acronym N/A means that there is no information about 
these simulations since the modelling at these stages was not 
completed due to computational calculations errors. B) Simulated 





High concentrations of Ihh developed in the growth fronts (Figure 
3-8A), while high PTHrP concentrations were found in the epiphysis 
(Figure 3-8B). VEGF was produced in the POC and extended to the 
ossification front (Figure 3-8C). The production and diffusion of Ihh, 
PTHrP and VEGF for the cases studied in this research are showed in 
Appendix D. Inhibition or overexpression of PTHrP and Ihh resulted 
in no growth (Data not shown). 
 
 
Figure 3-8. Representative scheme of molecular concentrations at 
E19.  
A) Ihh concentrations. B) PTHrP concentrations. C) VEGF 
concentrations. The acronym N/A means that there is no information 
about these simulations due to computational modelling at these 
stages was not completed. 
 
3.4.3 Hydrostatic Stress and Fluid Velocity Distribution 
  
Hydrostatic stress and fluid velocity distribution changed according to 
the loading frequencies applied (Figure 3-9).  





Figure 3-9. Hydrostatic stress and fluid velocity distributions within 
the cartilage at E19.  
A) Hydrostatic stress distribution. B) Fluid velocity distribution. C) 
Velocity vector in the distal and proximal epiphysis of the bone when 
a mechanical load was applied using a frequency of 0.01 Hz and a 
step signal. 
 
High hydrostatic compressive stresses are located at the epiphysis of 
the bone near the loads; low hydrostatic stresses are found in the 
diaphysis and at the growth front. Hydrostatic stress decreased with 
frequencies (Figure 3-9A). Figure 3-9B shows how the fluid velocities 
(𝒗𝒇) are distributed within the bone when a mechanical load is applied, 
while in Figure 3-9C it is possible to observe in detail the direction in 
which the fluid comes out from the proximal and distal epiphysis when 







Using the computational model, it was possible to observe minor bone 
morphology changes due to the frequencies and the type of signals used 
to apply the load. For instance, the epiphysis was less prominent when 
the load was applied using a sine and a ramp wave than with step 
function. This behavior is because hydrostatic stress is higher under step 
load, because the fluid has less time to flow out compared to a gradual 
load. The frequency moderately affects bone formation. For instance, 
with low frequencies (0.01, 0.1 and 1 Hz) the bone acquired a shape 
similar to a real femur and the length and size of the epiphysis and 
diaphysis tend to be equal for the stages assessed experimentally 
(Figure 3-7). This result may be compared with the research carried out 
by [116], in which a load applied at 1 Hz result in prenatal joint shape 
development. These results suggest that mechanical loading applied 
with low-frequencies induce mechanotransduction in early stages of 
development; therefore, mechanoreceptors in cell membrane activate 
the adequate signaling pathway to express the characteristic molecules 
involved in osteogenesis. With high frequencies (10 Hz) the bone loses 
its ideal morphology and in the majority of cases the endochondral 
ossification process is interrupted, and the bone does not continue 
growing (Appendix B). The shape acquired by the bone was highly 
dependent on the location of the load. In this study the anlage was 
mechanically loaded during endochondral ossification process, but this 
behavior does not occur in vivo as the bone, during its embryonic 
development, may experiment changes in the supported load. 
Therefore, future work will improve the model so that it can apply the 
mechanical loads at different intervals of time during the day. 
 
The model developed simulates correctly the reaction-diffusion 
between the molecules, since the results are in accordance with the 
observed by other authors such as Provot et al., Ballock et al., and 
Kronenberg, in which they demonstrate that Ihh induces PTHrP 
expression at the articular region of the bone and PTHrP in turn 
represses Ihh expression generating a negative feedback loop. They also 
state that PTHrP and Ihh are positive modulators of proliferation and 
negatively affect maturation. It means that the effect of Ihh on 




maturation is exclusively PTHrP dependent, while Ihh induces 
proliferation independently of PTHrP [16], [21], [27]. The correct 
expression of Ihh and PTHrP are related with a normal growth of long 
bones; nevertheless, a disruption in the secretion of one of these 
molecules can result in pathologies such as acrocapitofemoral 
dysplasia, which is associated with premature closure of the growth 
plates, Blomstrand dysplasia, which may cause death in the uterus due 
to an advanced endochondral maturation, and short stature due to a 
delay in hypertrophic chondrocyte differentiation [132]. Several studies 
have demonstrated that a mutation of PTHrP or Ihh leads to a decrease 
in trabecular bone formation in the POC and a delay in angiogenesis of 
the early cartilage model [133], alterations in the temporal and spatial 
sequence of epiphyseal cartilage development [134], reduction in the 
size of the growth plates of long bones [135], and shortness of absent 
middle phalanges in digits [136]. In our model, VEGF diffusion did not 
occur when a mutation of Ihh was done, as this molecule depends on 
the number of early or late hypertrophic cells [28]–[30]. 
 
In addition, the poroelastic formulation implemented in this study 
demonstrated how the velocity of fluid flow through the tissue affects 
the molecular diffusion, and therefore the normal bone growth. The 
convective flow due to mechanical loading applied with low 
frequencies (0.01, 0.1 and 1 Hz) and 1 N/mm2 of mechanical load do 
not affect the molecular concentrations of Ihh/PTHrP and VEGF 
because the velocities at which the fluid passes through the tissues are 
very small (See Appendix D). Nevertheless, the molecular gradients 
are altered and the bone present abnormalities during longitudinal 
growth when high magnitude loads (1, 10 or 100 N/mm2) are applied 
(See Appendix E). This finding indicates that high mechanical loads 
influence the fluid flow and disrupt the biochemical patterning. This 
behavior generates a downregulation of the biochemical regulation, 
which leads to an overexpression of the molecules causing anomalies 
during bone development. 
 
Endochondral ossification is a complex process that is regulated by 
specific molecules and mechanical stimuli such as tension, 





The model presented here, to our knowledge, is the first computational 
approach that combines biochemical and mechanical factors to describe 
in detail the endochondral ossification process in embryonic stages. 
This study provides information about the influence of dynamic loading 
and molecular concentration in the endochondral ossification of long 
bones during embryonic stages, and the results are in accordance with 
other computational models which conclude that PTHrP, Ihh and VEGF 
are sufficient to capture effects of temporal variations in growth factor 
expressions on bone development [28], [117], [137]. Accordingly, this 
mechanobiological model may predict efficiently the morphogenesis of 
any bone rudiment based on initial cartilage configuration, applied load, 
frequency, signal and main molecules that govern the ossification 
process. However, experimental data such as molecular concentrations, 
molecule rate diffusions, mechanical loading magnitudes from both 
mice genres and other animal species are required to validate the 
computational model and make a much more predictive scenario. This 
work has a novel implementation, which uses a multiscale model to 
simulate in different scales of time the reaction-diffusion equations and 
the poroelastic formulation. This multiscale model is useful since it 
allows the observation of how the fluid velocity affects the growth and 
shape of a bone during the embryonic development when a mechanical 
load is being applied. Additionally, this novel formulation may be 
dynamic because it allows to change or to inhibit molecules and loads 
in order to simulate abnormalities in early stages of bone development. 
 
3.6 Concluding Remarks 
 
Bone morphogenesis obtained from the computational model 
developed were comparable to the morphological characteristics 
observed in normal bone formation during mice embryological 
development. In fact, the model roughly predicts the morphology of a 
femur highlighting its main features such as the projection of a femoral 
head, the apparition of the greater trochanter that form the external part 
of the bone and the presence of two oblong prominences, the condyles. 
Apart from predicting the bone morphology, the model also recreates 
the formation of the internal structures of the bone such as the POC, 
bonce collar and growth fronts. The correct formation of these 




structures was reached because of the interaction of the negative-































Biophysical stimuli: a 
review of electrical and 



























Hyaline cartilage degenerative pathologies induce morphologic and 
biomechanical changes resulting in cartilage tissue damage. In pursuit 
of therapeutic options, electrical and mechanical stimulation have been 
proposed for improving tissue engineering approaches for cartilage 
repair. The purpose of this review was to highlight the effect of 
electrical stimulation and mechanical stimuli in chondrocyte behavior. 
Design. Different information sources and the MEDLINE database 
were systematically revised to summarize the different contributions for 
the past 40 years. Results. It has been shown that electrical stimulation 
may increase cell proliferation and stimulate the synthesis of molecules 
associated with the extracellular matrix of the articular cartilage, such 
as collagen type II, aggrecan and glycosaminoglycans, while 
mechanical loads trigger anabolic and catabolic responses in 
chondrocytes. Conclusion. The biophysical stimuli can increase cell 





Hyaline cartilage is an avascular tissue characterized by having 
abundant extracellular matrix (ECM) that is mainly composed of 
collagen type II and proteoglycans (PGs) [5], [9], [44]. This tissue is 
formed by a unique cellular type, the chondrocyte, which is responsible 
for maintaining the integrity of the ECM [3], [4]. Within the skeletal 
system, hyaline cartilage is found in two specialized structures of the 
long bones: the articular cartilage and the growth plate [4], [5]. The first 
acts as a smooth, lubricated, low-friction surface that receives 
mechanical loads and facilitates motion between opposing joints [1], 
[138]; while the second, which is located between the epiphysis and 
                                                     
3 The review presented in this chapter has been published in: J. J. Vaca-González, J. 
M. Guevara, M. A. Moncayo, H. Castro-Abril, Y. Hata, and D. A. Garzón-Alvarado, 
“Biophysical Stimuli: A Review of Electrical and Mechanical Stimulation in Hyaline 
Cartilage”. Cartilage, Sep. 2017. 




diaphysis, is responsible for the longitudinal growth and shape of long 
bones [7], [8]. 
 
Histologically, both articular and growth plate cartilages are tissues 
stratified in different zones according to chondrocytes phenotype and 
spatial arrangement of the ECM. Accordingly, articular cartilage is 
organized in 5 zones: superficial, intermediate, medium, deep, and 
calcified [10], whereas the growth plate is arranged into 3 zones: 
reserve, proliferative, and hypertrophic [15]. In both tissues, the 
molecular structure of the ECM within the hyaline cartilage provides 
dimensionality, elasticity and strength to the tissue [9], [10]. 
 
Given its location, hyaline cartilage is exposed to mechanical loads that 
generate different signals implicated in the physiological regulation of 
chondrocytes behavior and several pathological processes, considering 
that chondrocytes sense and respond to different mechanical loads [44], 
[45], [47], [139]. For example, mechanical loading has been shown to 
affect cell deformation, fluid flow, nutrient and ion concentration 
gradients, pH changes, and anabolic and catabolic activity of ECM 
components and stimulation of growth factor synthesis [140]–[145]. In 
turn, overweight or strong impact loading have been proven to cause 
damage in the ECM and chondrocyte apoptosis, resulting in 
dysfunction of the tissue and subsequent damage [1], [45], [52], [146]. 
Several studies have shown that hyaline cartilage behavior is also 
affected by electrical and electromagnetic stimuli, resulting in changes 
in cell dynamics, such as migration [147], differentiation [148]–[150], 
morphology [151]–[154], proliferation [155]–[160], and gene 
expression [161]–[174]. This implies that mechanical, electrical, and 
electromagnetic stimulation may have an important role in the 
regulation of hyaline cartilage in both normal and pathological 
conditions. 
 
Based on the above, understanding the influence of biophysical stimuli 
in the biology of hyaline cartilage not only provides useful information 
regarding their role in cartilage physiology in vivo but also supplies new 
tools for tissue engineering and regenerative medicine focused on the 
development of new therapeutic approaches for the treatment of injuries 




in articular cartilage and growth plate. In this context, we performed a 
review of literature of the past 40 years of in vivo and in vitro studies, 
highlighting their results, advances, main limitations, and perspectives. 
The information presented summarizes the current understanding about 
the role of both the electrical stimulation over chondrocytes intended 
for articular cartilage recovery and the mechanical stimuli over growth 
plate and its influence on biological events during human bone 
development.
 
4.3 Electrical stimulation for tissue engineering hyaline 
cartilage 
 
4.3.1 Electric fields 
 
Electrical stimulation has been used to improve chondrocyte 
proliferation rate and the synthesis of characteristic ECM molecules. 
Electric fields (EFs) for cartilage regeneration have been used in in vivo 
and in vitro systems (Table 4-1) [155], [159], [162], [174]–[177]. 
 
4.3.1.1 In vivo studies 
 
The first reported use of electrical stimulation to influence cartilage was 
in 1974 by Baker et al., who assessed the influence of a bimetallic 
platinum electrochemical device in the recovery of full thickness 
injuries of articular cartilage. The electrochemical device was 
implanted in the lateral femoral condyle at the location of the injury and 
voltages from 15 to 500 mV were applied. Results showed a 71% of 
increase in the production of ECM in treated animals [176]. This 
finding set the basis for the application of electrical therapy in patients 
presenting joint pathologies. The experience reported up to now in the 
literature has evidenced that the application of the EFs lead to pain relief 
in patients with knee osteoarthritis. For instance, Farr et al., used a 
transcutaneous electric stimulator in 288 patients with knee 
osteoarthritis. Patients who received electrical stimulation for more 
than 750 h (73% of total population) reported both pain relief and a 




decrease in anti-inflammatory drug use (45.3%). Moreover, the therapy 
delays the need of a surgical intervention in chronic patients [177]. 
 
4.3.1.2 In vitro studies 
 
The technique of delivering electrical stimulation to cell culture plates 
consists of an indirect coupling system that uses external parallel 
electrodes connected to a power supply (Figure 4-1A) [155], [162], 
[167], [178]. The custom designed devices are noninvasive capacitive 
coupling systems that can be used to stimulate any cellular type, and 
they are based on the same principle used in medical stimulation 
devices [175], [177], [178]. 
 
 
Figure 4-1: Schematic diagram of an indirect coupling system to 
stimulate in vitro cell cultures. 
A) Configuration to apply EFs to the culture medium between the 
parallel electrodes. B) Configuration to apply electromagnetic fields 
to the culture medium between the parallel electrodes. 
 
In vitro, the application of EFs to monolayer cultures has shown to 
increase cell population and to stimulate synthesis of main molecules 
that compound cartilage such as collagen type II, GAGs, and aggrecan.  
 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































For instance, Rodan et al., demonstrated that increased chondrocyte 
proliferation observed after EFs stimulation was triggered by a 
depolarization in the cell membrane, it means that the Na+ and Ca2+ 
fluxes generated by the EFs trigger DNA synthesis of chondrocytes 
[179]. More descriptive studies were carried out by Brighton et al., in 
which they stimulated chondrocytes with different voltage values (10, 
100, 250, and 1000 V) to a frequency of 60 kHz (sinusoidal-wave form). 
Their results indicated that voltages of 10 and 1000 V decreased cell 
proliferation; while a voltage of 250 V increased the GAGs synthesis 
[158]. In these studies, no data about the magnitude of the EFs were 
reported. 
 
Similar studies were performed by Armstrong and Brighton where 
chondrocytes were stimulated with several EFs (15, 22.5, 30, and 45 
mV/cm). Their results demonstrated an increase in cell population when 
EFs of 15, 22.5, and 30 mV/cm were applied. An increase in GAGs 
synthesis (66%) was obtained after stimulation with EFs of 45 mV/cm 
[155], [157]. From these studies, it was possible to conclude that an EF 
close to 20 mV/cm stimulates chondrocyte dynamics. Brighton et al., 
in later studies reported that an EF of 20 mV/cm increases the cell 
proliferation by 50% [156]; while Wang et al., in a more detailed study 
elucidated that this EF of 20 mV/cm increases aggrecan and collagen 
type II synthesis [167]. On the contrary, researchers such as Nakasuji et 
al., have applied EFs of greater magnitude (50, 100, 250, and 500 
mV/cm) to chondrocytes cultured in vitro. The results showed that EFs 
of greater magnitude also affect cell proliferation and ECM synthesis 
[159]. Because of the discrepancy regarding the magnitude of the EFs 
required to stimulate the in vitro cultures, Vaca-González et al., 
implemented a new methodology to calculate EFs and modulate 
proliferation and GAGs synthesis. Results allowed to establish the 
dielectric constant of the cell culture medium (complex permittivity and 
conductivity), and also showed that EFs of 4 mV/cm applied during 30 
min increment cell population; while EFs of 8 mV/cm applied during 5 
h maintain a stable GAGs synthesis [178]. 
 




4.3.1.3 Studies performed in explants and 3-Dimensional 
cartilage constructs 
 
The EFs have also been applied to cartilage explants and tridimensional 
constructs [60]. Brighton et al., stimulated cartilage explants with EFs 
of 20 mV/cm. Results showed an increase in PGs (34%) and collagen 
type II (71%) after 14 days of stimulation [161]. Because EFs of 20 
mV/cm have been shown to influence the cellular dynamics, the 
research group of Brighton et al., studied the effect of the 
electrostimulation in osteoarthritic human cartilage explants. In this 
study, osteoarthritic explants stimulated for 14 days using 20 mV/cm 
EFs showed 1.4 and 1.5-fold increase in PGs and collagen type II, 
respectively [162]. EFs have been also applied to 3-dimensional (3D) 
cartilage constructs used for cartilage repair; however, to our 
knowledge, the reports in literature are limited and the results have been 
contradictory. For instance, Szasz et al., stimulated 3D chondrocyte-
seeded agarose gels, obtaining increases in cell density and GAGs 
synthesis [173]. In contrast, Akanji et al., investigated the effects of 
direct current on cell proliferation and matrix synthesis, using a 3D 
chondrocyte-agarose model system. Their results demonstrated that 
EFs have no influence over protein synthesis, cell proliferation, and 
mRNA expression levels [174]. 
 
4.3.1.4 Effect of EFs over the growth plate 
 
Applying electrical stimulation across growth plate cartilage has little 
effect on composition [180], but can alter the thickness of zones within 
the cartilage [180], [182], and ultimately the length of the bone [180], 
[183]. However, high voltage reduces bone growth and maintains 
cartilage in a quiescent state [183]. 
 
4.3.2 Electromagnetic fields 
 
Similar to EFs, electromagnetic fields (EMFs) have been applied in in 
vivo and in vitro studies using cartilage and growth plate explants, and 
tridimensional structures (Table 4-2) [151], [152], [154], [165], [170], 
[172], [184].  









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Similar to EFs, the technique of deliver EMFs consists of an indirect 
coupling system that uses external parallel coils connected to a function 
generator (Figure 4-1B) [152], [153], [163], [184]. This kind of 
noninvasive configuration has the advantage of generating small 
currents and potentials in the proximity of the targeted cells, and also it 
generates a homogeneous EMF across the cell culture [175]. 
 
4.3.2.1 In vivo use of EMFs to heal osteoarthritis 
 
In vivo animal models have been used to study the influence of EMFs 
in the recovery of knee osteoarthritis. Ciombor et al., showed that 
articular cartilage morphology was preserved, and the development of 
osteoarthritic lesions were retarded when EMFs were applied [152]. 
EMFs have also been implemented in clinical studies to treat knee 
osteoarthritis. Results have evidenced that electromagnetic stimulation 
contributes to preserve articular cartilage morphology [184], [185], 
improvement in joint motion, tenderness, and reduction in pain [188]–
[191]. 
 
4.3.2.2 In vitro studies using cell cultures 
 
The application of EMFs in monolayer cultures have shown 
preservation of chondrocytes morphology [153], increased DNA 
synthesis [160], and enhancement of proliferation and GAGs synthesis 
in human chondrocytes [192]. It has also been demonstrated that EMFs 
significantly increase cell population but decrease the synthesis of 
characteristic molecules of hyaline cartilage such as collagen type II, 
aggrecan, SOX-9, and GAGs [154]. 
 
4.3.2.3 Studies performed in explants 3-Dimensional cartilage 
constructs 
 
Healthy and pathological tissue explants have also been treated with 
EMFs [165], [168], [170]. The use of EMFs over cartilage explants 
have shown increase in PGs synthesis and stimulation of anabolic 
activities [163], [170], while the effect of EMFs in osteoarthritic 
explants have evidenced an improvement in osteoarthritis of grade I and 




III, increasing PGs synthesis and counteracting catabolic activities 
[165]. However, it was also shown that EMFs have no effect on DNA 
and PGs synthesis [168]. The application of EMFs has also been 
investigated in osteoarthritic chondrocytes cultured in 3D structures. 
Results showed that the PGs concentration of osteoarthritic 
chondrocytes cultured in alginate scaffolds was stored in the cell culture 
medium after stimulation was finished [151]. Normal articular 
chondrocytes cultured in 3D constructs were also stimulated with 
EMFs. In studies performed by Schmidt-Rohlfing et al., and Nicolin et 
al., the chondrocytes that were cultured in a collagen membrane showed 
that this scaffold is a useful bioengineering construct since allowed 
increases in cell proliferation, collagen type II synthesis, and PGs in the 
immediate pericellular region [171], [172]. 
 
4.3.2.4 Effect of the EMFs over the growth plate 
 
Studies have been carried out to study the effects of EMFs over growth 
plate development. A recent study showed that male albino rats 
stimulated with EMFs experienced a more rapid weight gain and 
increase in length. Moreover, the stimulated rats showed a loss in 
cartilage matrix density in the reserve zone, with an increase in 
thickness of the reserve and proliferative zones. In addition, 
measurements of the growth plate thickness showed that the trabecular 
zone was thinnest, and the reserve and proliferative zones were thickest. 
There were no significant differences between the groups with respect 
to the thickness of the hypertrophic zone [186]. A similar study 
evidenced that EMFs exert a suppressive influence on chondrocyte 
proliferation in the growth plates and promote expansion of the 
differentiate fraction [187]. The epiphyseal plate has been also 
stimulated through in vitro cultures; for instance, the costochondral 
junction growth plate of a rat was exposed to different EMFs and 
changes of temperature. Results indicated that longitudinal growth of 
the costochondral junction was only observed when EMFs were applied 
in an environment where the temperature increased [193].
 




4.4 Mechanical Stimulation for Tissue Engineering 
Hyaline Cartilage  
 
4.4.1 Compressive loads 
 
Because of the fact that hyaline cartilage, especially the one found in 
joints and growth plate, is mainly subjected to compressive mechanical 
stimuli [146], [194], [195], several in vivo and in vitro studies have been 
performed in order to identify the effects of mechanical compression in 
cell dynamics (proliferation, hypertrophy, and apoptosis) [5], [106], 
[196]–[202], cell height [106], [197], [203], and the biosynthetic 
behavior of chondrocytes, assessed mainly in terms of expression of 
molecules of the ECM (collagen types II and X and aggrecan) and some 
enzymes (MMP 13 and ADAMTS-4/5) [204], [205]. In addition, 
changes in the expression of metalloproteinase inhibitors (TIMP-1 and 
TIMP-2), growth factors (VEGF), and other molecules are influenced 
by load (Table 4-3) [141], [202], [206]–[208]. Up to now the specific 
mechanisms involved in mechanotransduction are not well understood; 
however, two kind of proteins have been involved in these processes: 
integral membrane proteins associated in ECM interactions (e.g., 
integrins) and mechanosensitive ion channels [138], [209]–[211]. 
Furthermore, signaling mediated by the primary cilium and MAPK 
pathway have also been implicated [212]–[217]. Regarding the devices 
used to apply compressive loads, the technique of deliver mechanical 
loads consist of a system that uses loading actuators that exert an axial 
force (Figure 4-2A) [138], [214], [216]. These devices present the 
advantage that maintain the cell cultures in atmospheric conditions of 
37°C and 5% CO2 while mechanical loads are applied [218]. 
 
4.4.1.1 In vivo studies 
 
To understand the effect of mechanical loading on chondrocytes 
behavior within the tissue, some in vivo studies have been performed in 
both articular cartilage and growth plate.  
 
 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 4-2: Schematic diagram of the devices used to apply 
mechanical loads to chondrocytes cultured in 3 dimensional (3D) 
structures. Both schemes have in common a loading cell, a cell 
culture well plate and the 3D construct.  
A) Configuration to apply compressive loads to 3D cell cultures. This 
device uses a tissue culture incubator and a sterile box to maintain 
cell cultures in humidified atmosphere. B) Configuration to apply 
compressive and shear stress to the chondrocyte culture. This device 
uses two loading actuators to apply loads in the X and Y axis. 
 
The studies performed in articular cartilage have mainly focused in 
analyzing the synthesis of ECM molecules as PGs, where a direct 
correlation between loading in the joint and PGs levels within the tissue 
was observed [138], [141], [207], [217]. Several studies performed in 
the growth plate have assessed the effect of mechanical loading as a 
regulator of bone growth and ossification. Moreover, alterations of 
mechanical modulation have been associated to several clinical 
conditions, including the angular progression deformities in tibia 
(Blount disease), and the development of scoliosis [106], [196]. Studies 
using chicks and rodents have demonstrated that mechanical 
stimulation of bone rudiments during embryological development plays 
an important role in normal growth and bone morphogenesis [223]. 
 
At cellular level, studies using rodents have shown that mechanical 
loading induces histological changes within the growth plate, 
specifically in the width of the proliferative and hypertrophic zones 
[197]–[201]. Additionally, it has been observed a decrease in collagen 
type II and aggrecan concentrations in growth plates subjected to long 
term static compressions [205]. 




4.4.1.2 In vitro studies: tissue cultures 
 
As an alternative model to study the influence of mechanical loading 
over chondrocytes behavior, in vitro protocols applying compressive 
loads to articular cartilage and growth plate explants have been 
performed. For articular cartilage, the reported results of ECM 
molecules synthesis under dynamic loading are contradictory with 
some studies showing an increase while others indicate either a 
decrease or no changes after loading [106], [195], [202], [207], [219], 
[220], [224], [225]. For growth plate, studies using tissue explants have 
shown differential morphological changes of chondrocytes in the 
different zones under compression [203]. Additionally, under short-
term compressive loads, a decrease in aggrecan, collagen type II and X 
has been reported. In contrast, under dynamic loading no changes in 
ECM composition although changes in cell organization were observed 
[204]. 
 
4.4.1.3 In vitro studies: cell cultures 
 
Given the difficulties for analyzing the individual effects of mechanical 
stimuli to which cartilage is subjected in vivo, the response of 
chondrocytes has been evaluated in monolayer and 3D cultures [141], 
[146], [194], [195], [215], [219], [220]. These analyses not only provide 
information about the cellular responses and the regulatory mechanisms 
associated, but also they allow to evaluate the use of mechanical stimuli 
in tissue engineering approaches [141]. The effect of compressive loads 
in in vitro cultures of chondrocytes depends up on load’s intensity and 
duration [138]. In this context, it has been observed that the application 
of static loads increased the production of several types of MMPs, and 
also inhibited the synthesis of collagen type II and PGs [138], [217]. In 
turn, the effects of dynamic loading in cell proliferation and synthesis 
of PGs, GAGs, and collagen type II are contradictory [138], [194], 
[222], [224]–[232], [195], [233]–[238], [202], [207], [217]–[221]. This 
behavior may be related to the wide variability of the methodology used 
for each group, which can be related to different sources of 
chondrocytes, age of the animal model, characteristics of 3D matrix 
used, chondrocyte seeding density, frequency of the stimulus, load 




cycles, and initiation and duration of the stimulation [138], [207], [235], 




The chondrocytes response to tensile loading have also been addressed 
using in vitro monolayer cultures. Such cultures have been performed 
by seeding cells in membranes that are submitted to uniaxial or biaxial 
dynamic stretching. Most of the studies have evaluated chondrocyte 
dynamics in terms of cell proliferation and molecular synthesis of 
collagens and PGs. Similar to that observed for compressive loading, 
the evidence available suggests that the response of chondrocytes to 
tensile loading also depends on the duration and intensity of the 
stimulation [101], [142], [239], [240]. In fact, anabolic effects in 
chondrocytes are induced after short-term simulation (less than 12 h); 
while a decrease in the ECM molecules is only observed after a 
prolonged stimulation [142]. In addition, some studies have reported an 
increase of other molecules such as proteases and their inhibitors (e.g., 
TIMPs, MMPs), soluble factors (e.g., TGFβ, VEGF, PTHrP), and pro 
inflammatory factors (e.g., nitric oxide, prostaglandin E, 
cyclooxygenase 2) after tensile loading stimulation [100]–[102], [142], 
[215], [240]. 
 
However, it is difficult to extrapolate definitive conclusions regarding 
the stimulus characteristics and chondrocytes response considering that, 
similarly to compressive loading, there is a high variability in the 
stimulation protocol used among different studies in terms of strain 
magnitude, loading duration and frequency (reviewed in Bleuel et al., 
[142]). 
 
4.4.3 Hydrostatic pressure 
 
4.4.3.1 In vitro studies: tissue cultures 
 
Hydrostatic pressure (HP) has been extensively used as a stimulus to 
induce changes over hyaline cartilage such as protein expression and 
matrix production [241]. However, the mechanism by which HP 




produce those changes is not well understood. HP provides a robust 
method of chondrocyte stimulation since it can be applied over cells 
cultured in monolayer, 3D engineered constructs or cartilage explants 
(Table 4-4) [242], [243]. Several studies have shown the relation 
between HP and biological response of hyaline cartilage, such as 
investigations performed by Parkkinnen et al., have shown a 
microtubule-dependent compaction of the Golgi apparatus and decrease 
in GAGs synthesis [244]. In a similar study, Lammi et al., found that 
static HP resulted in a 37% decrease in GAGs synthesis, reduction of 
aggrecan mRNA levels and synthesis of atypically large aggrecan 
molecules. The alteration in aggrecan size demonstrates that HP may 
affect the production of ECM molecules at post-translation levels [245]. 
 
4.4.3.2 Studies performed in cartilage explants and 3-
Dimensional constructs 
 
HP also has been applied over 3D scaffolds and explants. For instance, 
Carver and Heath [246], [247], showed that chondrocytes cultured in 
poly glycolic acid (PGA) meshes and stimulated with 6.87 MPa 
experienced an increase in GAGs and collagen production in adult cells, 
whereas the same magnitude of HP had an increase of only collagen 
synthesis in juvenile cells. There are no differences of applying HP 
either in cartilage explants or in chondrocytes cultured in vitro; 
however, the magnitude of the pressure and the frequency are relevant 
factors to stimulate PGs synthesis [248]. 
 
4.4.4 Shear stress 
 
Within the joint and growth plate chondrocytes are exposed either to 
compressive HP or deviatory stresses such as shear stress.135 Previous 
studies have indicated that chondrocytes are exposed to different levels 
of fluid flow within the tissue [249], [250], suggesting that mechanical 
shear stress has a pathophysiologic relevance in cartilage biology [251]. 
Within this context, several studies have analyzed the influence of such 
stimuli on chondrocyte behavior.  
 
 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































For instance, Mohtai et al., applied shear stress over human articular 
chondrocytes seeded in a high monolayer culture. Cell cultures were 
stimulated with loads of 0.16, 0.41, 0.82, and 1.64 Pa at rotating 
velocities of 20, 50, 100, and 200 rpm. Results indicated that this 
stimulation scheme increased the release of pro-inflammatory 
mediators and nitric oxide, decreased the expression of aggrecan and 
collagen type II, and induced molecular changes associated with 




apoptosis [255]. Additionally, it is known that hyaline cartilage tissue 
engineering constructs, are also affected by shear stress, revealing that 
this stimulus may alter the intercellular signaling pathways in 
chondrocytes [246], [254]. Some reports suggest that fluid shear stress 
reduces expression of aggrecan and collagen type II [256]. 
 
Other studies, like those developed by Waldman et al., used a 
stimulation scheme based on 2% of shear stress amplitude at 1 Hz for 
400 cycles every second day, and demonstrate that an intermittent 
application of dynamic shearing forces during 4-week periods 
improved the quality of the cartilaginous tissue formed in vitro. These 
data indicate that the nature and magnitude of shear stress may play a 
significant role in the homeostasis of the structure and function of 
hyaline cartilage [257]. For this reason, the cellular mechanisms 
underlying the responses of articular chondrocytes to mechanical 
stresses are important for understanding the pathogenesis of several 
hyaline cartilage diseases [251]. Similar to compressive loads, the 
technique of deliver the shear stress consists of a loading actuator that 
generate forces along the X and Y axis at the same time (Figure 4-2B) 
[255], [257]. In this context, this configuration allows one to apply 
precise strains on multiple axis similar to the mechanical environment 
supported by the joint [258].
 
4.5 Cellular mechanisms involved in transduction of 
biophysical stimuli 
 
In chondrocytes, biophysical stimuli are sensed mainly by membrane 
proteins involved in ECM-cell interactions and ionic channels [138], 
[259], [260]. In addition, some stimuli may induce changes in the 
cytoskeleton [147], [261]. 
 
ECM-cell interactions are associated mainly with the transduction of 
mechanical stimuli, since they allow cells to sense conformational 
changes of the ECM that trigger, intracellularly, the activation of 
different cell signaling cascades leading to specific cell responses [138], 
[259]. The main proteins associated with ECM-cell interaction are 




integrins, integral membrane proteins that bind to several ECM 
molecules with different affinities [259], [262], [263]. The main 
integrins expressed by chondrocytes are α1β1, α3β1, α5β1, α10β1, 
αvβ3, and αvβ5, which act as receptors for collagen types VI and II, 
matrilin-1, fibronectin, osteopontin, COMP, and vitronectin, 
respectively [210], [211], [259], [262], [264]. Cytoplasmic domains of 
integrins are coupled to kinases that have been implicated in signal 
transduction through Ras, Rho, and Rac pathways [215], [217]. In 
addition to integrins, other membrane proteins like CD44 and annexin 
V (also known as anchorin CII) have also been associated in ECM-cell 
interactions in chondrocytes. CD44 is a transmembrane hyaluronan-
binding glycoprotein that is involved not only in anchoring but also in 
sensing and signaling functions [264]–[266]. Annexin V is a member 
of a family of calcium and phospholipid binding proteins that binds 
mainly with collagens present in the PCM and ECM, mainly type II and 
with lesser affinity to types V, IX, X, and XI [265]–[267]. 
 
On the other hand, ion channels have been associated to both 
mechanical and electrical signal transduction. Although a plethora of 
ion channels have been identified in chondrocytes membranes, calcium 
channels are the main type of ion channels associated to transduction of 
biophysical stimulation [138], [209], [217]. The calcium channels most 
associated to these processes include voltage-gated sodium channels, 
voltage-gated calcium channels, and stretch activated ion channels. In 
addition, various members of the TRPV (transient receptor potential 
vanilloid) nonselective cationic channels family, especially TRPV4, 
have been associated to osmotic stress responses [138], [209], [217]. In 
fact, it has been described that in chondrocytes, cell deformations 
caused either by changes in cell volume or due to mechanical loading, 
lead to activation of different kinds of ionic channels, and some studies 
have evidenced changes in intracellular calcium levels in chondrocytes 
after mechanical loading [138], [213], [214], [216], [217]. Electrical 
signals applied either in direct or indirect contact with the cells, exert 
their effect on the cell membrane by activating the voltage-gated 
calcium channels leading to increase in the intracellular Ca2+ levels 
[167], [176], [268]. 
 




Finally, as previously mentioned, some stimuli are associated to 
conformational changes of the cytoskeleton. That is the case of 
electrical stimulation, which has proven to induce changes in actin 
filaments causing cytoplasm elongation followed by a perpendicular 
alignment with regard to the applied EFs [261]. Furthermore, electrical 





This review focuses on the effect of biophysical stimuli in chondrocyte 
behavior, showing that electrical and mechanical stimulation have 
important roles in physiology of hyaline cartilage. In addition, 
biophysical stimuli display interesting potential as additional tools for 
both tissue engineering and regenerative medicine, toward the 
development of new therapeutic alternatives for cartilage pathologies. 
The effects of biophysical stimulation on chondrocytes dynamics have 
been explored in vivo and using several in vitro approximations. In 
monolayer cell cultures, stimulation with EFs, EMFs, HP, and tension 
can promote chondrocyte proliferation and molecular synthesis [142], 
[175], [184], [252], [254]. Considering this, with the current use of 
scaffolds combined with the application of biophysical stimuli it is 
possible to obtain tissue constructs that mimic in vivo characteristics of 
cartilage. 
 
For both electrical and mechanical stimuli, different frequencies, 
intensities, and duration of stimulation schemes have been tested; 
however, the magnitudes of the stimuli that directly stimulate 
chondrocytes in those cultures have been poorly explored. Regarding 
electrical stimulation, at present, calculations of cell culture media 
dielectric constants have been recently reported. These electric 
constants, such as permittivity and conductivity, are essential 
parameters to calculate EFs and EMFs [178], [269]. Thus, this leads to 
a new research area that will allow to implement a better methodology 
to calculate the EFs and EMFs in a more detailed way. In electrical 
stimulations, there are many discrepancies in the obtained results 
because one of the limitations is the required high voltage to generate 




the EFs, the stimulation time to achieve the best rate of proliferation 
and molecular synthesis, as well as the amount of days that cell cultures 
need to be under stimulation. For this reason, electrical stimulation for 
tissue engineering hyaline cartilage still is an open research area. On 
the other hand, little is known of the mechanical environment and the 
effects on fluid flow and nutrient availability within cartilage or in vitro 
3D cultures of the different types of mechanical stimulation. Recently, 
there have been some approaches that use computational modeling to 
approach such issues [270]–[274]. This is a promising field that may 
improve the understanding of the effects of mechanical stimuli on 
chondrocyte behavior as well as provide powerful tools for scaffold 
designs for 3D in vitro culture systems and mechanical stimulation 
scheme selection. Furthermore, biophysical stimuli could help to 
enhance cell proliferation, differentiation, and ECM deposition, 
opening up new possibilities in 3D articular cartilage and growth plate 
tissues, and allowing to design novel tissue-engineering constructs 
similar to real life. 
 
Given the good results obtained using some protocols of electrical and 
mechanical stimulation independently for in vitro hyaline cartilage 
tissue engineering, the integration of these both methods is currently 
been studied [166]. This leads to a new field of research that will focus 
on stimulation of cartilage explants or 3D constructs with 2 biophysical 
stimuli simultaneously. As a novel and potential tool, it would be 
possible to create special devices that generate distinct electrical and 
mechanical intensities according to the necessity of a particular 
treatment. This contributes to tissue engineering because it is 
noteworthy that biophysical stimuli are the basis for the next generation 
of cartilage regeneration technology, since those electrical and 
mechanical stimuli help the development of biomimetic samples that 
recreate an environment where the functional, structural, and biological 


































































The electric fields have been used as external biophysical stimuli to 
increase cell population and stimulate the molecular synthesis of 
chondrocytes. However, in the methodology reported by different 
researchers there is no evidence about the procedure to calculate electric 
fields. This work presents a new framework to calculate electric fields 
and modulate proliferation, cell death and glycosaminoglycan 
synthesis. For this study, we used a computational analysis, by a finite 
element method for experimental setting, to find the dielectric constants 
of the cell culture medium and the experimental geometrical 
configuration. Chondrocytes were stimulated with electric fields of 4 
and 8 mV/cm, and for each of these electric fields, three exposure times 
were tested (30 min, 1 h and 5 h). We observed an increment in cell 
population when an electric field of 4 mV/cm was applied during 30 
min. The GAGs synthesis remained stable after an electric field of 8 
mV/cm was applied during 5 h. No changes in cell population and 
molecular synthesis were perceived when electric fields were applied 
during 1 h. This approach is a promising tool that could be used to 
enhance in vitro procedures in order to obtain well characterized 





Articular cartilage is a connective tissue located at the ends of bones in 
the articular surfaces. This tissue receives multiaxial loading and the 
majority of load bearing and mechanical compliance is accomplished 
by the trabecular bone. Articular cartilage acts as a smooth, lubricated, 
low-friction surface that facilitates motion between opposing joint 
surfaces [1], [138]; therefore, given its damping function, articular 
                                                     
4 The results presented in this chapter has been published in: J.J. Vaca-González, J. 
Guevara, J. Vega, and D. Garzón-Alvarado, “An In Vitro Chondrocyte Electrical 
Stimulation Framework: A Methodology to Calculate Electric Fields and Modulate 






cartilage requires a specialized molecular structure to resist mechanical 
loads. Thus, the extracellular matrix (ECM) of the articular cartilage 
contains as main molecules collagens and PGs [1], [9], [275]. 
Moreover, this tissue is characterized by low cell density, where the 
only cellular type is the chondrocyte [1]. 
 
Articular cartilage is an avascular tissue that has limited self-healing 
properties when it is affected by traumatic injuries. In such cases, 
articular cartilage is replaced by fibrous tissue also known as 
fibrocartilage; nevertheless, this type of joint surface is mostly 
inefficient for load bearing and has a loss in friction properties [1], [46], 
[275]–[277]. Given that articular cartilage is subject to degradation 
when is affected by injuries, novel therapeutic options have been 
developed for its repair [1], [9], [46], [278]–[282]. For instance, the 
autologous chondrocyte implantation expands the patient´s 
chondrocytes through in vitro cultures; once enough chondrocytes have 
been obtained, cells are re-implanted into the injured articular cartilage 
[46], [280], [281]. This treatment could be enhanced if an external 
biophysical stimulus is used to improve the chondrocyte proliferation 
rate and the synthesis of extracellular molecules. Studies have indicated 
that chondrocytes cultured in monolayer respond to stimulation with 
electric fields (EFs) [175]. For example, Rodan and collaborators have 
worked on articular cartilage chondrocytes stimulation. In their study, 
cells stimulated with EFs during a period of 6 h increased the DNA 
synthesis [179]. Similar researchers have been carried out in articular 
cartilage chondrocytes stimulated with several EFs at 60 kHz sine wave 
signal. Results showed an increase in chondrocyte population and 
synthesis of glycosaminoglycans (GAGs), the molecules responsible 
for water retention inside articular cartilage [155], [157]–[159]. In 
addition, when using EFs of lower intensity at 60 kHz sine wave signal, 
the increase in chondrocyte proliferation was evidenced, as well as the 
synthesis of molecules such as collagen type II and aggrecan [156], 
[161], [162], [167]. 
 
Even though in vitro assays have evaluated chondrocyte proliferation 
and articular cartilage molecular synthesis, there are many 
discrepancies in the obtained results. A key limitation is that the EFs 




used for direct cell stimulation, the stimulation time per day to achieve 
the best rate of proliferation and GAGs synthesis, as well as the amount 
of days that cell cultures need to be under stimulation have not been 
well determined; however, the frequency (60 kHz) and wave type (sine 
wave-form) have been well established and were therefore considered 
in this research [156], [159], [161], [162], [167]. The aim of this study 
was to stimulate chondrocytes cell cultures with two EFs intensities (4, 
and 8 mV/cm) using three different stimulation schemes (30 min, 1, and 
5 h). To accomplish this, we calculated the dielectric properties of the 
cell culture medium, such as the complex permittivity ( 𝜀𝑗𝑐𝑚 ) and 
conductivity ( 𝜎𝑐𝑚 ), through experimental and computational 
approaches. In addition, we designed a novel device based on a parallel 
plate capacitor, to generate and distribute the EFs homogeneously over 
the cell cultures. Results here obtained show that, depending on the EFs 
and the scheme used to stimulate the cell cultures, chondrocytes can 
double their initial cell population, inhibit their proliferative capacity or 
maintain their molecular synthesis stable. This finding can be used to 
improve therapies such as the autologous chondrocyte implantation, 
considering that the electrical stimulation of in vitro cultures may be 
manipulated in order to enhance the chondrocyte cell growth or the 
synthesis of GAGs. Furthermore, this optimization improves the 
articular chondrocyte culture conditions intended for future therapeutic 
strategies in tissue engineering.
 
5.3 Materials and methods 
 
5.3.1 Chondrocyte isolation and cell culture 
 
The distal and proximal extremities from humerus, scapulae and femurs 
of 2-day-old Wistar rats were isolated. The rats were obtained from the 
Pharmacy Faculty and sacrificed by decapitation at the Biomimetics 
laboratory of the Biotechnology Institute at Universidad Nacional of 
Colombia. Recommendations from the ethics committee were followed 
for this procedure.  
 




Taking into account the high cell density required for the experimental 
design, we decided to use the chondroepiphysis as it has been reported 
in literature [283]. This tissue is appropriate to obtain a high number of 
pure cells required for our study. Nevertheless, in this sample 
chondrocytes at different maturation stages are expected. First, the 
extremities were washed with PBS (Phosphate Buffered Saline) + 2% 
of antibiotics (streptomycin and penicillin, LONZA, Walkersville, MD 
USA). Next, the fibrous tissue and muscle were carefully removed from 
the epiphysis and metaphysis. After, the epiphysis was segmented in 
small pieces of approximately 4 mm and then washed with PBS + 2% 
of antibiotics. The fragments were submitted to a process of double 
digestion using 0.25% Trypsin/EDTA (LONZA, Walkersville, MD 
USA) during 1 h at 37 C, followed by digestion using 0.3% of 
collagenase type I in HBSS (Hanks Buffered Saline Solution, LONZA, 
Walkersville, MD USA) during 4 h at 37 °C. The reaction was 
inactivated with 20% of fetal calf serum (FCS). The solution was 
homogenized by pipetting, then filtered with a sterile nylon membrane 
to eliminate remaining tissue, and finally, it was centrifuged. Cells were 
suspended in 1 mL of culture medium (DMEM-F12 with 50 µg/mL of 
ascorbic acid, 100 µg/mL of sodium pyruvate, 1% of streptomycin/ 
penicillin and 1% FCS) [156], [167]. Then, the cell yield and viability 
were determined by counting in hemocytometer and trypan blue dye 
exclusion, respectively. Despite the isolation source, chondrocytes 
cultured in monolayer display a progressive loss of phenotype that 
increase with passages with the most striking phenotypic alterations 
becoming evident after passage four [284]–[286]. Therefore, for 
stimulation assays, 45.000 cells were seeded at day zero into a six 
culture well plate; moreover, chondrocytes expanded in culture at 
passage one were used for all experiments. Cell cultures remained in 
atmospheric conditions of 37 °C and 5% CO2 and the cell culture 
medium was changed every other day. This procedure was 








5.3.2 Chondrocyte culture medium characterization and 
EF estimation 
 
Experimental and computational approaches to characterize the cell 
culture medium were implemented. First, the capacitance and 
permittivity of the cell culture medium were estimated using a coaxial 
capacitor. Then, the complex permittivity and conductivity of the cell 
culture medium were determined using an experimental approach in 
combination with a computational simulation. Finally, the EFs were 
computationally calculated. 
 
5.3.2.1 Capacitance and permittivity of the cell culture 
medium (𝐶𝑐𝑚, 𝜀𝑐𝑚) 
 
A stainless-steel coaxial capacitor to estimate the cell culture medium 
capacitance (Ccm) was designed and assembled (Figure 5-1A).  
 
 
Figure 5-1: Representative scheme of a parallel plate capacitor to 
determinate the EFs.  
A) Coaxial capacitor to estimate the 𝐶𝑐𝑚. B) Parallel plate capacitor, 
empty and with cell culture medium. 
 




The 𝐶𝑐𝑚 was measured in 40 mL of culture medium placed between the 
solid cylinder and the cylindrical cortex. The measurement was 
performed by connecting the positive and negative terminals to an 
automatic RLC meter (Fluke 6306 RCL meter, Eindhoven, The 
Netherlands). Considering that medium change was done every other 
day for all cultures, changes in the cell culture medium caused by 
chondrocyte metabolism may be negligible. For this reason, in this 
study the dielectric constants measurement was made before starting 
the electrical stimulation and it was taken as representative for the 
whole culture period. 
 
In addition, the cell culture medium permittivity (𝜀𝑐𝑚) was calculated 







 Eq. 5-1 
 
Where 𝑟𝑜𝑢𝑡, 𝑟𝑖𝑛𝑡  and 𝐿𝑐𝑐  are the outer radius, the inner radius, and the 
length of the coaxial capacitor, respectively. Additionally, 𝜀0 refers to 
the vacuum permittivity. 
 
5.3.2.2 Complex permittivity and conductivity of the cell 
culture medium (𝜀𝑗𝑐𝑚, 𝜎𝑐𝑚) 
 
The device used to stimulate cell cultures consists of a parallel 
capacitive system [155], [156], [162], [167]; however, to our 
knowledge, the electrical properties of this system either empty or with 
cell culture medium have not been reported. For this reason, an 
experimental approach to estimate the resistance (𝑅𝑐𝑠 ), capacitance 
(𝐶𝑐𝑠), reactance (𝑋𝑐𝑠) and impedance (𝑍𝑐𝑠) of the capacitive system 
shown in Figure 5-1B was implemented. In this context, the 𝑅𝑐𝑠 and 
𝐶𝑐𝑠  were found by connecting the electrodes to an automatic RLC 
meter; the 𝑋𝑐𝑠 and 𝑍𝑐𝑠 were calculated using Eq. 5-2 and Eq. 5-3. In 
Eq. 5-2 the f = 60 kHz corresponds to the frequency used by different 
authors to stimulate cell cultures [155]–[158], [161], [162], [167]. 
 











𝑍𝑐𝑠 = 𝑅𝑐𝑠 - 𝑋𝑐𝑠 Eq. 5-3 
 
The 𝜀𝑗𝑐𝑚and 𝜎𝑐𝑚are inherent parameters that characterize a material 
electrically when it is submitted to EFs. On one hand, the 𝜀𝑗𝑐𝑚  is a 
constant with both a real and an imaginary part Eq. 5-4, where 𝜀𝑚𝑐 
characterizes the capacitive part of the admittance of the capacitor, and 
𝜀𝑗𝑐𝑚 characterizes the conductive or loss part of the admittance. On the 
other hand, the 𝜎𝑐𝑚  is a property that quantifies the apposition of a 
material to the current flow. The 𝜀𝑗𝑐𝑚 and 𝜎𝑐𝑚 were computationally 
estimated by performing a sensitivity analysis consisting of varying 
these constants until the 𝑅𝑐𝑠 , 𝐶𝑐𝑠 , 𝑋𝑐𝑠  and 𝑍𝑐𝑠  values were satisfied. 
The electrical simulation of the capacitive system was implemented by 
a finite element analysis using a software of electromagnetic 
simulations (COMSOL Multiphysics, Comsol Inc. Los Angeles, USA). 
 
𝜀𝑗𝑚𝑐 = 𝜀𝑚𝑐 − 𝑗𝜀𝑚𝑐 Eq. 5-4 
 
5.3.2.3 Estimation of EFs 
 
The EFs were estimated by means of a computational simulation by 
performing a finite element analysis using COMSOL Multiphysics 
software. The simulation consisted of modeling the capacitive system 
shown in Figure 5-1B, by applying a voltage input of 50 and 100 V at 
60 kHz sine wave-form. These two tension values were selected taking 
into account different literature reports that indicate that those ranges 
generate EFs capable to stimulate chondrocyte proliferation and 
molecular synthesis of GAGs [155]–[158], [161], [162], [167]. The 
dielectric constants of the materials that composed the capacitive 









5.3.3 Electrical stimulation device 
 
The device designed for the electrical stimulation is composed of two 
parts (Figure 5-2). The first one consists of stainless-steel electrodes 
placed in acrylic supports to eliminate any contact with the incubator 
Surface (Figure 5-2A). In addition, two terminals (positive and 
negative) were welded to connect the electronic circuit outputs. The 
second part consists of an electronic circuit that generates the EFs that 
will stimulate the cell cultures (Figure 5-2B). The electronic circuit is 
composed of a dual source (Dual source, HM-20, Ceif, National 
University) that energizes an oscillator to generate tensions of 50 and 
100 V at 60 kHz sine wave-form. Signal verification before and after 
electrical stimulation was performed using an oscilloscope (Tektronix, 
TDS 1002, USA). 
 
 
Figure 5-2: Schematic diagram for electrode position and electronic 
circuit for cell cultures stimulations.  
A) Scheme used to homogeneously distribute the EFs in the cell 
cultures. B) Electronic circuit to generate, distribute and monitor the 
EFs applied to cell cultures. 
 




5.3.4 Electrical stimulation assay 
 
Stimulated cell cultures were exposed to EFs of 4 and 8 mV/cm at 60 
kHz sine wave-form. For each of these EFs, three exposure times were 
tested (30 min, 1 and 5 h), and applied daily starting at the second day 
of culture [156], [161], [162], [167]. Control cell cultures were 
incubated in the same way as stimulated cell cultures, except that 
electrodes were not connected to the electronic circuit. Additionally, the 
top and bottom of the cell culture well plates and electrodes were 
covered with an electrically conductive gel to eliminate any air gap 
[156]–[158], [161], [162], [167]. The EFs were applied inside the 
incubator and the cell cultures remained at 37 °C and 5% CO2. In 
addition, an assay without cells was carried out by applying a 
continuous EF of 8 mV/cm during a period of 5 h to assess if the EFs 
affect the pH within the cell culture medium. 
 
5.3.5 Proliferation and cell death assay 
 
Proliferation and cell death were assayed each 48 h. Cells were counted 
with a hemocytometer and the viability and cell death were determined 
by Trypan blue stain. Viable cells selectively inhibit Trypan blue to 
cross the cell membrane; hence, dead cells become blue and can be 
counted under a light microscope. Final cell density is the number of 
cells per surface area. 
 
5.3.6 Glycosaminoglycan quantification 
 
The quantity of GAGs produced by each cell, in stimulated cell cultures 
and controls, was estimated in the cell culture medium by a colorimetric 
assay using 1- 9-dimethyl methylene blue, 31 µM at pH 8.0. During the 
7 days of stimulation, samples of each well were taken every 48 h, after 
electrical stimulation, and stored at 20 C. All samples were analyzed 
with a spectrophotometer (BioSpec 1601, Shimadzu) to a 520 nm 
wavelength. The quantification was performed using a calibration curve 
of chondroitin sulfate B, ranging from 0 to 35 µg/mL against reactive 
blank [288]. 
 




5.3.7 Statistical analysis 
 
All analyses were performed as mean ± SD (n = 3). Cell population 
growth and GAGs synthesis were analyzed throughout an ANOVA. 
The model is based on the analysis of individual significance of the 
data. Before performing the tests, variance homogeneity and normality 
of data were assessed using the following statistical tests: analysis of 
variance, test F, test Shapiro-Wilk and Durbin-Watson. The data that 
did not accomplish these assumptions were analyzed by nonparametric 
statistics using a test F and comparing slopes of the proliferation curves. 
The test F was also used to analyze cell death. In addition, paired 
comparisons using the Least Significant Difference test (LSD) were 




5.4.1 Cell culture medium characterization and EF 
estimation 
 
The 𝐶𝑐𝑚 and 𝜀𝑐𝑚 listed in Table 5-1 were calculated with a frequency 
of 60 kHz sine wave-form. The measurement of these constants was 
performed before and after 48 h of cell culture post-stimulation in order 
to ensure that medium capacitance does not vary during stimulation.  
 
Table 5-1: The 𝑪𝒎𝒄 and 𝜺𝒎𝒄 at 60 kHz sine wave-form. 
Cell culture medium 
Frequency 
(kHz) 







DMEM-F12 (after 48 h of 





The data of 𝐶𝑐𝑚 were performed as mean ± SD (n = 3). 
*𝜀𝑐𝑚 was calculated using 𝐶𝑐𝑚 mean value. 
 
The device used to determine the EF inside the cell culture well plate 
(Figure 5-2B), allowed to find the resistance and reactance of the empty 




cell culture well plate (Plexiglas) and with cell culture medium. Using 
these constants, the conductivity and permittivity in empty well plate 
and with cell culture medium (𝜎𝑐𝑚  and 𝜀𝑗𝑐𝑚 ) were computationally 
determined (Table 5-2). The 𝜀𝑗𝑐𝑚 has a real and complex part; in Table 
5-2 the value for each of these variables is presented. 
 
Table 5-2: Electrical constants in vacuum (Plexiglas) and with cell 







Z0 - (KΩ) 
Conductivity 
𝝈 - (S/m) 
Permittivity 
𝜺 
Plexiglas 900 j961,08 900- j961,08 6,2X10-9 3,5 
DMEM 
F-12 
751,4 j796,57 751,4- j796,57 200X10-3 402,4 – j25000 
 
The EF distribution in the whole capacitive system for the empty cell 
culture well plate and with cell culture medium is shown in Figure 5-3.  
 
 
Figure 5-3: Distribution and estimation of the EFs at different 
heights (Z coordinate) of the capacitive system.  
The voltage applied to the capacitive system to simulate the EF was 
100 V at 60 kHz sine wave form. On the left, the empty capacitive 
system is illustrated; on the right, the capacitor with cell culture 
medium is shown. The scheme illustrates the EF decrease due to high 





Since this simulation integrates the material constants previously 
obtained, the EF was 4 mV/cm when a tension of 50 V was applied; 
consequently, the EF that stimulates the cell culture with a tension of 
100 V was 8 mV/cm. Note that these EFs values were found within the 
Z-coordinate of about 1 mm. 
 
5.4.2 Proliferation and cell death 
 
Proliferation of stimulated cell cultures and controls showed differences 
according to applied EF and the scheme of stimulation (Figure 5-4). 
On one hand, results show an increase in cell population in stimulated 
cultures, compared with controls, at the fourth and sixth day. This 
behavior was evidenced in cell cultures that were stimulated with an EF 
of 4 mV/cm during 30 min per day (Figure 5-4A). On the other hand, 
when EFs of 4 and 8 mV/cm were applied during 1 h per day, there 
were no significant changes in cell population (Figure 5-4B). In 
contrast, cell culture stimulation using EFs of 4 and 8 mV/cm during 5 
h per day, inhibited cell proliferation completely (Figure 5-4C). 
 
Cell death within the cultures stimulated with EFs of 4 and 8 mV/cm 
during 30 min, 1 h and 5 h did not evidence significant differences 
compared with controls (Figure 5-5). 
 
5.4.3 Glycosaminoglycans synthesis 
 
The amount of GAGs produced by stimulated cell cultures and controls 
are shown in Figure 5-6. GAGs produced by chondrocytes in 
monolayer cultures tend to decrease with time. This behavior was 
observed in cell cultures stimulated with EFs of 4 and 8 mV/cm during 
30 min and 1 h, as well as in control non-stimulated cultures (Figure 
5-6A and Figure 5-6B). However, cell cultures that were stimulated 
with an EF of 8 mV/cm during 5 h maintained GAGs synthesis through 
the cell culture period (Figure 5-6C). 
 





Figure 5-4: Cell population of stimulated and non-stimulated cell 
cultures.  
A) Cell cultures stimulated during 30 min per day vs. controls. 
Statistically significant differences were found by applying an EF of 4 
mV/cm during 30 min at 96 h and 144 h (p < 0.01**). B) Cell cultures 
stimulated during 1 h per day vs. controls. C) Cell cultures stimulated 
during 5 h per day vs. controls. Statistically significant differences 
were found applying an EF of 4 and 8 mV/cm during 5 h at 144 h of 






Figure 5-5: Cell death bar graphs for stimulated cell cultures and 
controls.  
A) Cell cultures stimulated during 30 min vs. controls. B) Cell 
cultures stimulated during 1 h vs. controls. C) Cell cultures stimulated 
during 5 h vs. controls. 





Figure 5-6: Production of GAGs per cell for stimulated cell cultures 
and controls.  
A) Cell cultures stimulated during 30 min vs. controls. Statistically 
significant differences were found at 48, 96 and 144 h (p < 0.05*). B) 
Cell cultures stimulated during 1 h vs. controls. Statistically 
significant differences were found at 144 h (p < 0.05*). C) Cell 
cultures stimulated during 5 h vs. controls. Statistically significant 







The aim of this research was to implement a new framework to calculate 
the EFs that directly stimulate chondrocytes and evaluate the effect over 
cells cultured in monolayer. Results showed that different EFs applied 
at different times can increase cell population, inhibit cell proliferative 
capacity or stimulate GAGs synthesis. On one hand, if the objective of 
a culture is to obtain a high cell population, an EF of 4 mV/cm during 
30 min may be used as biophysical stimuli to improve cell proliferation. 
On the other hand, if the aim is to stimulate GAGs synthesis, an EF of 
8 mV/cm during 5 h ought to be applied. Therefore, an adequate 
electrical stimulation could be established to optimize the chondrocyte 
behavior during in vitro cultures. Accordingly, therapies such as the 
autologous chondrocyte implantation may be enhanced using this 
methodology. 
 
In order to appropriately establish the electrical stimulation conditions, 
we characterized the dielectric properties of the cell culture medium. 
The electrical characterization of cell culture medium included the 
determination of its conductivity and permittivity. The former is a 
measure that sets the ability of a material to allow current flow. Based 
on the conductivity found in this work, it was possible to conclude that 
the cell culture medium is a conductor material since it showed low 
electric resistance leading to efficient current flow. In fact, when the 
cell culture medium is submitted to an EF, a dissociation of positive and 
negative ions of these salts is generated, allowing a current flow through 
it. Furthermore, the cell culture permittivity indicates the capacity of a 
medium to polarize and override the internal EF when an EF is applied 
to it. Accordingly, the EF applied to the medium was polarized 
generating a low EF inside cell culture well plate: 4 and 8 mV/cm. In 
addition, if the permittivity is high, the cell culture medium capacitance 
increases. In our study, this relation was fulfilled by measuring the cell 
culture medium capacitance with the coaxial capacitor obtained, 
indicating that the electric change is restored in an EF with low 
intensity. 
 




This research, to our knowledge, is the first attempt to estimate the 
electrical constants of the cell culture medium, which allow to estimate 
the EFs inside the cell culture. Thus, the methodology implemented in 
this study serves as a complement to calculate the EFs in each segment 
of the stimulation device, such as in the well plate, in the air and in the 
cell culture medium. In this context, the knowledge generated in this 
study can be used to calculate the EFs in a more detailed way and 
compare the works, reported in the literature, that show similarities and 
discrepancies [156], [157], [161]. One of the limitations of this 
experimental approach is the difficulty to measure the dielectric 
constants and subsequently the EFs within the cell culture while cells 
are being stimulated. Hence, the risk of contamination may increase if 
an external EF sensor is in contact with the cell culture medium [175]. 
Since other calculation methodologies or devices to estimate the EF 
have not been reported in the literature, we propose the computational 
implementation carried out in this research as a first approach to it. 
  
Regarding the stimulation method, there are two possible schemes to 
apply the EFs. In the first case, the stimulation may be applied using a 
direct coupling system in order to assess cell migration and orientation 
[147], [261], [289]. However, the physicochemical features of the cell 
culture medium may be altered due to the insufficient biocompatibility 
of the electrodes that are in contact with the biological material; 
furthermore, there are potential changes in the pH and a reduction in the 
levels of molecular oxygen [175]. Taking such limitation into account, 
the second method, which consists of an indirect coupling system that 
uses external parallel electrodes, was implemented in this study. This 
stimulation method has reported to increase cell population and 
molecular synthesis in chondrocytes [155]–[159], [161], [162], [167]. 
The custom-designed device implemented in this research is based on 
the same principle as used by other authors, which consists of two 
parallel electrodes connected to a power supply [155], [161], [167]; 
nevertheless, some improvements to the device were made. For 
instance, the size of the electrodes was increased in order to assure a 
homogeneous distribution of the EFs over cultured cells and avoid the 
edge effect. In addition, an electronic circuit was designed in order to 





the electrodes; therefore, this circuit generates EFs that overcome the 
limitations caused by the impedance of the well plate and air. According 
to the changes performed to the device, the results show that it is a 
useful tool to achieve a biological effect, as evidenced by the changes 
observed in chondrocyte cell dynamics. In this context, the main 
advantages of using this device are that it is a noninvasive capacitive 
coupling system, it is an adaptive system to stimulate any cellular type 
and it is a device that applies external EFs as it is currently used in 
medical stimulation. Thus, we proposed a high-performance product 
that could be used in the industry to modulate chondrocytes behavior. 
  
Experimental analyzes showed that cell behavior is affected by both the 
EFs intensity and the stimulation time (Table 5-3). An increase in cell 
proliferation was observed using an EF of 4 mV/cm during 30 min. This 
finding is consistent with previous reports [161], [162], [167]. However, 
if the EF is applied for a longer time (5 h), cells show inhibition in 
proliferation since cell population is stable during the whole cell culture 
period. This finding contrasts with those observed by other authors, 
who have reported an increase in cell population continuously 
stimulated for 24 h [155], [157], [158]. In addition, it was observed that 
cell death has a similar behavior among the three stimulation schemes; 
cell death does not increase or decrease in stimulated cultures or 
controls (Figure 5-5). Based on these findings, it is possible to 
hypothesize that the applied EFs do not cause cell death.  
 







Proliferation 30 min 4 Increase at 96 and 
144 h 
GAGs 5 h 8 Maintenance 
during culture 
 
In terms of molecular synthesis of chondrocytes, in this study, GAGs 
synthesis to cell culture medium was used as indicator. It was observed 
that non-stimulated chondrocytes presented a gradual decrease of 




GAGs in medium throughout the culture period. This finding is 
consistent with a dedifferentiation process that has been reported in 
chondrocytes cultured in monolayer. This process is characterized by 
changes in the chondrocytes characteristic round phenotype for an 
elongated fibroblast-like phenotype, and a decrease in the expression of 
main characteristic molecules of the articular cartilage [284]. When EFs 
were applied, chondrocytes GAGs synthesis varied according to the 
field intensity and exposition time. The stimulation using EFs of 4 
mV/cm during 30 min seemed to suppress GAGs synthesis, while 
cultures exposed to the same field for longer times (1 and 5 h) showed 
no significant differences with controls (Figure 5-6C). In contrast, in 
cultures stimulated using 8 mV/cm fields we observed that although a 
scheme of 30 min per day did not affect GAGs synthesis, later stages of 
cultures stimulated during 1 h/day or 5 h/day (144 and 192 h on Figure 
5-6C) showed increased GAGs values compared with controls. These 
results suggest that a long-term exposition of chondrocytes cultures to 
high EFs favors the preservation of GAGs synthesis. Similar findings 
have been reported by other authors [155], [157], [158]. Based on the 
results obtained for the proliferation and GAGs synthesis using the 
different stimulation schemes, we hypothesize that stimulating a cell 
culture with high EFs keeps the chondrocytes in a low-proliferative 
state, maintaining its natural morphology and continuing with the 
production of molecules of interest. However, further studies using a 
wider range of EFs from 2 to 10 mV/cm, summed to the analysis of the 
expression of other molecules are needed to confirm this affirmation, 
since as observed in our results and some other literature reports, 
chondrocyte behavior is very sensitive to different electrical stimulation 
schemes [155], [156]. In addition, there were no changes in the pH of 
the cell culture medium; therefore, this variable was not considered 
when assessing the mechanism of change in cell behavior.   
 
As it was mentioned before, the autologous chondrocyte implantation 
requires a cellular expansion in a monolayer culture; for this reason, the 
methodology implemented in this research works under a 2D 
environment and influences chondrocyte behavior efficiently. In this 
context, the present study represents an interesting bi-dimensional tool 





methodology used in this work can be extrapolated to perform future 
models and analyze the effect of EFs over chondrocyte behavior either 
in scaffolds or within in vivo systems [166], [290]–[293]. It opens a new 
research area for future works, in which one of the aims would be to 
calculate the dielectric constants of the 3D-construct and/or tissue and 
estimate the EFs that directly stimulate either the scaffold or the 
articular cartilage, since such variables may differ from those found in 
our in vitro model. 
 
5.6 Concluding Remarks 
 
This research evidences changes in cell dynamics when chondrocytes 
are stimulated with different EF intensities and exposure times. Within 
this context, depending on the EFs and time of stimulation, in vitro 
procedures can be focused either on increasing cell population or 
enhancing synthesis of GAGs. Additionally, in this research a new 
methodology to calculate and apply EFs to cell cultures was 
implemented by designing a specialized device and using 
computational simulation. Furthermore, the procedures carried out in 
this research are suitable to be extrapolated to study cell behavior in 
different cell types, representing a new way in tissue engineering and 









































































The growth plate is a cartilaginous layer present from the gestation 
period until the end of puberty where it ossifies joining the diaphysis 
and epiphysis. During this period several endocrine, autocrine, and 
paracrine processes within the growth plate are carried out by 
chondrocytes; therefore, a disruption in cellular functions may lead to 
pathologies affecting bone development. It is known that electric fields 
impact the growth plate; however, parameters such as stimulation time 
and electric field intensity are not well documented. Accordingly, this 
study presents a histomorphometrical framework to assess the effect of 
electric fields on chondroepiphysis explants. Bones were stimulated 
with 3.5 and 7 mV/cm, and for each electric field two exposure times 
were tested for 30 days (30 min and 1 h). Results evidenced that electric 
fields increased the hypertrophic zones compared with controls. In 
addition, a stimulation of 3.5 mV/cm applied for 1 h preserved the 
columnar cell density and its orientation. Moreover, a pre-hypertrophy 
differentiation in the center of the chondroepiphysis was observed when 
explants were stimulated during 1 h, with both electric fields. These 
findings allow the understanding of the effect of electrical stimulation 





The growth plate also known as epiphyseal plate is a cartilaginous tissue 
located between the epiphysis and the diaphysis, and it is responsible 
for the longitudinal growth and shape of long bones [7], [8]. Given its 
location, the epiphyseal plate is exposed to external stimuli that 
generate different signals involved in the physiological regulation of 
cell behavior and various pathological problems. The response of 
chondrocytes to biophysical stimuli results in the synthesis of the 
                                                     
5 The results presented in this chapter has been published in: J.J. Vaca-González, J.F. 
Escobar, J.M. Guevara, Y.A. Hata, G. Gallego Ferrer and D.A. Garzón-Alvarado, 
“Capacitively Coupled Electrical Stimulation of Rat Chondroepiphysis Explants: A 





molecules that compose the extracellular matrix (ECM) of the growth 
plate, such as proteins (collagen type II and X, Ihh, BMP, WNT), 
proteoglycans (glycosaminoglycans (GAGs), aggrecan) and growth 
factors (VEGF, TGFβ, PTHrP) [16], [294]. Histologically, the growth 
plate is stratified in different zones according to the phenotype of the 
chondrocytes and the spatial arrangement of the ECM. Consequently, 
the growth plate is organized into four zones: reserve, proliferative (P-
z), pre-hypertrophic (PH-z) and hypertrophic (Ht-z) [15]. Other 
morphological characteristics of the growth plate are the shape and 
width that change according to the species, the type of bone and age. 
For example, it has been shown that the morphology of the growth plate 
in the proximal femoral epiphysis of humans is concave at the age of 
four years, straight at the age of seven and convex at the beginning of 
the puberty [17]. Regarding the width of the growth plate, the physis is 
wider in early stages of development; while at the end of the 
adolescence the thickness of the physis decreases progressively, until it 
is completely reabsorbed by connecting the epiphysis and the 
metaphysis in a process known as epiphyseal fusion [16]. On the 
contrary, the growth plates in mammals vary according to the location 
within the bone. For example, the epiphyseal plate in the proximal 
femur is concave in the postnatal stages, while in the distal femur it has 
an irregular morphology. This architecture tends to be constant during 
bone growth; nevertheless, some changes can be observed 21 days after 
birth when the growth plate becomes thicker and the distal physis 
acquires a wavy morphology. Unlike the growth plate in humans, where 
complete ossification occurs once sexual maturity is reached, the 
epiphyseal plate is preserved throughout life in rodents [295].  
 
The growth plate is an avascular and aneural tissue that has limited self-
healing properties due to its poor vascularization, reduced migration 
and mitogenic characteristics of chondrocytes [5], [139]. Therefore, a 
damage in the ECM and/or chondrocyte death may result in dysfunction 
of the epiphyseal plate and subsequent defects in bone development 
[45], [196]. Considering that growth plate responds to external 
biophysical stimuli, studies have shown that compressive mechanical 
loading induces to histological changes at cellular level within the 
growth plate, specifically in the width of the P-z and Ht-z, as well as 




disruption of columnar arrangement [197], [200], [204]. The effects of 
compressive loading within the tissue include chondrocyte 
deformations, changes in the interactions among collagens and 
proteoglycans present in the ECM, and flux of water. The latter has 
been associated to the application of other types of biophysical stimuli 
such as tension, shear stress and hydrostatic pressure that alter the 
molecular activity of proteases and their inhibitors (e.g. TIMPs, 
MMPs), soluble factors, pro-inflammatory factors (e.g. Nitric Oxide, 
Prostaglandin E, Cyclooxygenase 2) and proteoglycans (e.g. GAGs) 
[240], [245], [256]. Although mechanical stimuli play a relevant role in 
growth plate development, it is difficult to extrapolate final conclusions 
regarding characteristics of the stimuli and cell response, considering 
that there is a high variability in terms of strain magnitude, loading 
duration and frequency. In fact, it has been described that cell 
deformations caused either by changes in cell volume or due to 
biophysical stimuli, lead to the activation of different types of ionic 
channels, such as intracellular calcium levels [260], [268], [296]–[298]. 
Similarly, other type of stimuli such as electric fields (EFs) may 
stimulate the ion channels of the chondrocyte cell membrane and 
control, extra and intracellularly, the pathway-signaling [260], [268]. It 
has been evidenced that EFs have an effect over growth plates zones 
altering mainly its morphology. For instance, an increase in length and 
width of distal femurs was observed when EFs stimulated the growth 
of the proliferative zone making it wider with a well-stratified columnar 
arrangement [180]. A similar study showed that EFs caused a mild 
proliferation of the hypertrophic zone towards the marrow cavity in the 
central area of the growth plate [182]. External devices have been also 
used to apply EFs and it has been evidenced that this electrical stimulus 
reduces bone growth, maintains cartilage in a quiescent state and 
promotes weight loss in animals without changes in bone growth [183], 
[299].  
 
Even though in vivo electrical assays have evaluated the changes in the 
morphology of the growth plate and the development of long bones, 
there are many discrepancies in the results obtained; moreover, there 
are no studies that explore in detail the underlying effects that the EFs 





main reason of this inconsistency is because factors such as EFs 
magnitudes, stimulation time per day, and the amount of days that the 
growth plate need to be under stimulation have not been well 
documented. Moreover, a morphological study has not been carried out 
to observe how the EFs alter the morphology of the growth plate zones. 
According to this, chondroepiphysis explants of femur and humerus 
were stimulated with 7 and 3.5 mV/cm at 60 kHz (sine wave-form) 
using two different stimulation schemes (30 min and 1 h). These 
exposure times were applied four times per day during 30 days of 
culture. To accomplish this, a stimulation scheme, based on a 
capacitively coupling system, was designed and implemented to 
generate and homogeneously distribute the EFs over the explant 
cultures. Parameters such as frequency, duration and effective 
stimulation period to stimulate explants are based on previous findings, 
which have evidenced that EFs of lower intensity at 60 kHz stimulate 
chondrocyte dynamics, specially cell proliferation and molecular 
expression [159], [161], [178]. Moreover, it was evidenced that EFs of 
16.5 and 33.5 mV/cm at 60 kHz have little effect on composition of the 
growth plate [180], but can alter the thickness of zones within the physis 
[180], [182], and the length of the bone [180], [181]. Results from this 
study indicated that depending on the EFs and the scheme used to 
stimulate the explants, the growth plate zones change in terms of width, 
cell arrangement and cell morphology. In addition, it was observed that 
EFs induce chondrocytes to enter in a pre-hypertrophy state in the 
center of the epiphysis. These findings are relevant since non-invasive 
therapies such as electrostimulation can be improved to restore 
pathological tissues. In fact, electrical stimulation of in vitro cultures 
may be used to understand how cell dynamics interact within the tissue 
and trigger certain molecular events that modulate tissue growth. This 
optimization brings a better understanding of long bone development 
and new therapeutic strategies for future cartilage tissue engineering 










6.3 Materials and methods 
 
6.3.1 Chondroepiphysis isolation and in vitro culture 
 
2-day-old Wistar rats (n=20) obtained from the Veterinary Medicine 
Faculty of Universidad Nacional de Colombia were used in this study. 
The rats were sacrificed by decapitation at the Biomimetics Laboratory 
(Biotechnology Institute in Universidad Nacional of Colombia). 
Recommendations from the ethics committee were followed for this 
experimental procedure. First, femurs and humerus were isolated and 
washed with PBS containing 2% of antibiotics (streptomycin and 
penicillin, LONZA, Walkersville, MD USA). Next, the fibrous tissue 
and muscles were carefully removed from the epiphyses and the 
diaphyses. Just one epiphysis per bone was electrically stimulated in 
this study; therefore, the proximal epiphysis was removed from the 
femur, while the distal epiphysis was detached from the humerus. A 
large portion of the diaphysis of the bone was also extracted to preserve 
the ossification front of the growth plate. The extremities were fixed 
vertically into a 24 well-plate in order to apply the EFs perpendicularly 
to the chondroepiphysis (Figure 6-1A). Bone fixation was performed 
with an agarose disc located at the bottom of the well-plate (agarose at 
3% diluted in distilled water). Once the explants were located vertically, 
2 mL of culture medium were added (DMEM-F12 with β-Glicerol 
phosphate 1 mM, ascorbic acid 50 µg/mL, Fetal Bovine Serum (FBS) 
0.2%, and antibiotics 1%). The explants were cultured at 37 °C and 5% 
CO2 atmosphere. Culture medium was changed every other day. This 
procedure was implemented for controls and stimulated cultures 
 
6.3.2 Electric field estimation 
 
A computational simulation was implemented to estimate the EFs 
within the capacitively coupling system. The EFs were generated using 
voltages of 100 and 200 Vpp at 60 kHz (Figure 6-1A). The capacitively 
coupling system was modelled as an axisymmetric configuration to 
calculate the EFs values in each part of the culture. The dielectric 
properties of the different materials that composed the capacitive 
system were considered (Table 6-1). The agarose disc was not taken 




into account in the computational simulation due to the fact that the EF 
in this zone is negligible. A single well-plate from a 24 well-plate was 
simulated and the electrodes were big enough at the top and bottom of 
the well to ensure a homogeneous and isotropic distribution of the EF 
during the simulation (Figure 6-1B). The computational simulation 
was implemented by a finite element analysis using an electromagnetic 
simulations software (COMSOL Multiphysics, Comsol Inc. Los 
Angeles, CA USA). 
 
 
Figure 6-1: Capacitively coupling electrical system.  
A) Fixation of the explants using an agarose disc into the bottom of a 
single well. B) Axisymmetric system used for the computational 
simulation. 
 
6.3.3 Electrical stimulation assay 
 
Electrical stimulation was performed using a coupled system that 
delivered homogeneous EFs (Figure 6-2) [178]. The electrical 
stimulation device was composed of two parallel stainless-steel 
electrodes located at the top and bottom of the culture well-plates 




(Figure 6-2A). The electrodes were placed in Teflon supports to 
eliminate any contact with the metallic surface of the incubator. The 
positive and negative terminals of the electrodes were connected to an 
electronic circuit (oscillator) that generated the voltages and 
frequencies required to create the EFs. The oscillator was energized 
with a dual source (Lendher – HY3003D-3, Shenzhen, China) and the 
signal verification before and after electrical stimulation was monitored 
using an oscilloscope (Keysight – DSO1052B, Santa Rosa, CA, USA). 
Control explant cultures were incubated in the same way as stimulated 
explant cultures, except that electrodes were not connected to the 
oscillator. 
 
Table 6-1. Dielectric properties and measurements used in the 
simulation. 





Electrode separation 20 [mm] 
 
Electrode radius 50 [mm] 
Thickness 5 [mm] 
Relative permittivity 1 
Electric conductivity 1.73913[MS/m] 
Bone 
marrow 
Length and thickness 3.2 and 0.5 [mm]  
Relative permittivity 102.8 
[300] 
Electric conductivity 0.002901[S/m] 
Cartilage 
Length and thickness 2.5 and 1.5 [mm]  
Relative permittivity 2706.5  [300], 
[301] Electric conductivity 0.17732 [S/m] 
Culture 
medium 
Height 8 [mm]  
Relative permittivity 402.4 - j25000 
[302] 
Electric conductivity 0.0834 [S/m] 
Well-plate 
Length and height 17.5 and 20 [mm] 
 
Thickness 1 [mm] 
Relative permittivity 3.5 
[302] 
Electric conductivity 6.9 [nS/m] 
Air 
Relative permittivity 1 
 
Electric conductivity 0[S/m] 




Stimulated cell cultures were exposed to EFs of 3.5 and 7 mV/cm at 60 
kHz sine wave-form during 15 and 30 days of culture. The EFs were 
applied the first day of the isolation using two exposure times (30 min 
and 1 h), according to a previous report [178]. Each stimulation time 
was applied four times per day according to the following scheme: 30 
min of stimulation corresponds to 5.5 h without stimulation, while 1 h 
of stimulation corresponds to 5 h without stimulation. A schematic 
description of the signal protocol is given in Figure 6-2B. A 
temperature control assay was performed when explants were 
submitted to continuous EFs of 7 mV/cm during a period of 1 h. 
 
 
Figure 6-2. Schematic diagram of the in vitro stimulation.  
A) Capacitively coupling electrical stimulation in vitro. Connection of 
the dual source, oscillator and oscilloscope to the parallel electrodes. 
B) Diagram of the experimental design. Explants were randomly 
divided into 10 groups according to culture days, EFs and stimulation 
period: (1) 15 days – 3.5 mV/cm - 30 min, (2) 15 days - 7 mV/cm - 30 
min, (3) 30 days – 3.5 mV/cm – 30 min, (4) 30 days - 7 mV/cm – 30 
min, (5) 15 days – 3.5 mV/cm – 1 h, (6) 15 days - 7 mV/cm - 1 h, (7) 
30 days - 3.5 mV/cm – 1 h, (8) 30 days - 7 mV/cm – 1 h, (9) 15 days – 
without stimulation  and (10) 30 days - without stimulation. 
 




6.3.4 Growth plate histological analysis 
 
6.3.4.1 Masson’s trichrome staining 
 
Control and stimulated explants were stained with Masson’s trichrome 
technique to observe chondrocyte nucleus, cytoplasm and collagen 
fibers in the chondroepiphysis. All samples were fixed in formaldehyde 
at 4% for 24 h at room temperature. Then, explants were embedded in 
paraffin and sectioned at 5 µm for Masson’s trichrome staining. An 
imaging analysis of growth plates were performed using a microscope 
with integrated camera (Nikon Eclipse E600W, Melville, NY USA) at 
two different magnifications (4X and 10X).  
 
6.3.4.2 Quantitative analysis of growth plate zones  
 
Considering the protocols described by [303] to analyze growth plates, 
some histomorphometric parameters were measured to quantify the size 
of P-z, PH-z and Ht-z, the total length of the epiphyseal plate, and the 
columnar organization in each growth plate zone (Figure 6-3A). For 
measuring zonal size (P-z, PH-z and Ht-z), the different zones were 
delimited manually in 10X-magnification images according to cell 
morphology. A minimum of 90 measures were obtained for each 
growth plate zone through evaluation of at least 3 images per explant (1 
image x 3 independent sections). Then, ten parallel lines (green) were 
drawn in the direction of longitudinal bone growth to have different 
measures of each zone (Figure 6-3B). The size of the measured zone 
corresponded to the average length of each parallel line from the top to 
the bottom of each zone, which was separated by the hand-made lines. 
The total size of the growth plate was the result of the sum of the P-z, 
PH-z and Ht-z lengths. The quantification of chondrocytes and columns 
in each zone was performed by drawing three meshes (yellow grids) 
over 10X-magnification images (Figure 6-3C). The square size varied 
for each zone corresponding to 36x36 µm squares for P-z and PH-z, and 
100x100 µm squares for Ht-z. Using these grids, three parameters were 
measured: density of isolated cells (𝐶𝑖), columnar cells (𝐶𝑐) and column 
density (𝐶𝐷). Moreover, a cartesian axis was drawn into the meshes to 




measure the inclination angle (α) of the columns in all zones (Figure 
6-3D). Here, a cell column was defined as three or more stacked cells 
with a distance among them not greater than the average cell height 
within the field. All images were processed with Image Fiji Software 
and at least 3 images per individual (1 image x 3 independent sections) 
were analyzed. (NIH Image software, Bethesda, MD USA). 
 
 
 Figure 6-3. Representative diagram for the quantitative analysis of 
growth plate zones.  
A) Representation of explant bone used for cultures and its parts. B) 
Scheme that shows the treatment applied to the growth plate images to 
measure the height of the P-z, PH-z and Ht-z. C) Scheme that shows 
the treatment performed to the epiphyseal plate images to quantify the 
chondrocytes in each zone. D) Columnar arrangement and 
orientation. 
 
6.3.5 Statistical analysis 
 
For the statistical studies, all analyses were performed with mean ± SD 
(n= 3) according to the protocol described by [304]. Both a one-way 
ANOVA, and a Least Significant Difference (LSD) – Fisher post-test 
were carried out to analyze the histomorphometric parameters of the 




growth plate. Moreover, a Kruskal-Wallis nonparametric test or an 
unpaired two-tailed t-test were performed where applicable. Finally, a 
multifactorial ANOVA was done to observe which factors such as EFs, 
stimulation time or time culture have an effect over growth plate 
morphology and cell behavior. Statgraphics Centurion software was 





6.4.1 Estimation of EFs 
 
The EF estimation in the capacitively coupling system for a single well-
plate is shown in Figure 6-4. This simulation was performed applying 
a voltage of 100 Vpp at 60 kHz sine wave-form between the electrodes. 
The EF distribution in the capacitive system for the empty well-plate 
and with culture medium is shown in Figure 6-4A. Measurements in 
five zones of the capacity system were performed to show the EFs in 
detail (Figure 6-4B). Results evidenced that in zone 𝑎 (blue arrow in 
Figure 6-4B) exists a constant EF of 1.08 x105 mV/cm within the empty 
well-plate (Figure 6-4C left side), while in zone 𝑎′  (blue arrow in 
Figure 6-4B) the EFs within the well-plate with bone explants and 
culture medium vary depending on where it is measured (Figure 6-4C 
right side). 
 
The EF values in the capacitive system are shown in Figure 6-5. In 
zone 𝑏 (red arrow in Figure 6-4B) there is an EF of 7 mV/cm in the 
center of the chondroepiphysis (Figure 6-5A), while in zone 𝑐 (yellow 
arrow in Figure 6-4B) there are EFs from 13.5 mV/cm in the bottom of 
the well-plate to 7.5 mV/cm at the surface of the culture media (Figure 
6-5B). In zone 𝑑 (cyan arrow in Figure 6-4B) there is an EF of 1.8 x105 
mV/cm in the air gap (Figure 6-5C). Finally, in zone 𝑒 (green arrow in 
Figure 6-4B) there is an EF of 1.03 x105 mV/cm outside the well-plate 
between the electrodes (Figure 6-5D). As two EF intensities were 
tested in this study, the EFs generated by a voltage of 50 Vpp at 60 kHz 





the fact that EFs have a lineal increment, the intensities of EFs when 
applying 50 Vpp are half of those mentioned above. 
 
 
Figure 6-4. Representative scheme of the EFs in the capacitively 
coupling system generated by a voltage 100 Vpp at 60 kHz sine 
wave-form.  
A) EFs in an empty capacitive system and with bone explants and 
culture medium. B) Measurement points of the EFs within and outside 
the well-plate. C) On the left, the EF in the empty capacitive system is 
illustrated; on the right, the EF distribution in the capacitor with the 
explant bone and culture medium is shown. 
 
 





Figure 6-5. EF intensities within the capacitively coupled system 
applying a voltage 100 Vpp at 60 kHz sine wave-form. 
A) EF within the chondroepiphysis. B) The EF in the culture medium. 
C) The EF in the air gap between the culture medium and the top of 
the well-plate. D) The EF outside the well-plate between the 
electrodes. 
 
6.4.2 Histomorphometric of the growth plate 
 
6.4.2.1 Thickness and morphology of growth plate zones 
 
The histomorphometric measurements of the growth plate width and 
the thickness of each zone in femur explants are shown in Figure 6-6. 
The epiphyseal plate width of control bones decreased from D15 to 
D30, while the epiphyseal plate experienced a different behavior 
depending on the EFs applied and culture time. For instance, the width 
of femur explants stimulated either with 3.5 or 7 mV/cm for 15 days did 





excepting the explants that were stimulated with 3.5 mV/cm for 30 min 
and 7 mV/cm for 1 h where the width remained stable (Figure 6-6A). 
 
Histologically, control bones showed highly proliferative flattened 
chondrocytes arranged into columns in the P-z, followed by pre-
hypertrophic chondrocytes in the PH-z. Finally, chondrocytes that had 
stopped cell division and increased their size turned into hypertrophic 
in the Ht-z (Figure 6-7A). Thickness and cell morphology of growth 
plate zones in stimulated explants vary according to the EFs applied. 
For example, the P-z tends to disappear during culture in both controls 
and stimulated cultures (Figure 6-6B).  
 
 
Figure 6-6. Measurement of growth plate lengths and thickness of 
P-z, PH-z and Ht-z.  
A) Length of distal femur growth plates. B) Thickness of distal femur 
epiphyseal plate zones. Statistically significant differences were found 
between controls and stimulated explants in terms of length and 
thickness after a stimulation with EFs of 3.5 and 7.5 mV/cm (p < 
0,05), excepting those marked with “ns” (not significant). 
 
 





Figure 6-7. Histologies of growth plates at different times of culture.  
A) Growth plates of control cultures. B) Growth plates of femurs and 
humerus after stimulation with EFs. Yellow dotted lines separate the 





This behavior was evidenced in Figure 6-7A, where it is possible to 
observe that columnar chondrocytes are randomly distributed within the 
tissue, except in those epiphyseal plates stimulated with 3.5 mV/cm for 
30 min where the P-z remained stable (See Figure 6-7B). The PH-z and 
Ht-z were visible in the epiphyseal plate in both controls and stimulated 
cultures; however, each zone had a different behavior. The PH-z 
increased in thickness as the EFs were higher, while the Ht-z was higher 
with EFs of 3.5 mV/cm in comparison with those stimulated with EFs 
of 7 mV/cm (See Figure 6-6B and Figure 6-7B). The thickness of PH-
z and Ht-z also changed according to the period of culture. For instance, 
the PH-z at D15 was higher in explants stimulated with 7 mV/cm in 
comparison with those stimulated with 3.5 mV/cm. However, a reverse 
behavior was observed at D30 in which the PH-z decreased in presence 
of EFs of 7 mV/cm, while this zone experienced an increase with EFs 
of 3.5 mV/cm. Regarding the Ht-z, the thickness of this zone in explants 
stimulated with 3.5 mV/cm was higher at D15, in comparison with 
those stimulated with 7 mv/cm. No significant changes were observed 
at D30 (Figure 6-6B). The growth plate width and the thickness of each 
zone in humerus explants are shown in Appendix H. 
 
6.4.2.2 Columnar analysis of growth plate zones 
 
Cells not forming columns (𝐶𝑖) and the chondrocytes that stratified into 
columns (𝐶𝑐 ) in femur explants are shown in Figure 6-8. Results 
evidenced that the number of 𝐶𝑖  vary depending on the zone of the 
growth plate, due to the fact that chondrocyte density tended to be 
higher at P-z and lesser in Ht-z at D15. A similar behavior was observed 
in explants stimulated with 3.5 mV/cm for 1 h where there was the same 
proportion of 𝐶𝑖 in the growth plate zones. It was possible to observe 
that chondrocytes which were not forming columns were higher in P-z 
and PH-z, while in Ht-z tended to be lesser (Figure 6-8A). Regarding 
the number of 𝐶𝑐 , control cultures evidenced that there are more 
chondrocytes forming columns in P-z than in PH-z and Ht-z (Figure 
6-8B). This behavior was similar in bones stimulated with 3.5 mV/cm 
during 1 h. In bones exempt of P-z, the number of 𝐶𝑐 varied according 
to the EF applied; for instance, chondrocytes forming columns tended 




to increase in PH-z and Ht-z with EFs of 7 mV/cm applied either for 30 
min or 1 h. The quantification of 𝐶𝑖  and 𝐶𝑐  of femurs explants are 
shown in Appendix I. 
 
 
Figure 6-8. Measurement of 𝑪𝒊 and 𝑪𝒄 in growth plate zones of 
femur explants.  
A) Graphic bars of 𝐶𝑖 within growth plate zones of femurs. B) Graphic 
bars of 𝐶𝑐 within growth plate zones of femurs. Statistically significant 
differences were found between controls and stimulated explants after 
a stimulation with EFs of 3.5 and 7.5 mV/cm (p < 0,05**), except 
those marked with “ns” (not significant). 
 
The parameters that indicate the number of columns (𝐶𝐷) and their 
inclination angles α within the growth plate zones of femur explants are 
shown in Figure 6-9. Some differences can be found between 
treatments in terms of the number of 𝐶𝐷  per zones. For example, 
explants stimulated for 15 and 30 days had more 𝐶𝐷 in the PH-z and 
Ht-z compared with the 𝐶𝐷 in the P-z (Figure 6-9A). The parameter of 
𝐶𝐷  has a directly proportional behavior with 𝐶𝑐  according to the 
observed between Figure 6-8B and Figure 6-9A. It means that columns 
in each zone depend directly on the number of stacked chondrocytes. 





growth plate during culture (Figure 6-7), not all columns were 
perpendicularly aligned to the axis of bone growth. This behavior can 
be corroborated in Figure 6-9B, where it was possible to observe that 
at D30 the variation coefficient of the angle decreased for stimulated 
cultures. It means that columns were formed but they experienced a 
random growth. In terms of the inclination angle of columns (α), it was 
observed that variation of the angle tended to be similar between 
controls and stimulated explants at D15. Nevertheless, variation 
decreased for stimulated cultures at D30 α, which means that columns 
experienced a random growth (Figure 6-9B). This behavior was much 
more evident in humerus explants than in femurs (See Appendix J). 
 
 
Figure 6-9. Measurement of 𝑪𝑫 and inclination angle α of columns 
in growth plate zones of femur explants.  
A) Graphic bars of 𝐶𝐷 within growth plate zones of femurs. B) 
Graphic bars of α within growth plate zones of femurs. Statistically 
significant differences were found between controls and stimulated 
explants after a stimulation with EFs of 3.5 and 7.5 mV/cm (p < 
0,05**), except those marked with “ns” (not significant). 
 
The Masson’s trichrome staining not only allowed to observe 
chondrocyte morphology in the growth plate zones, but also allowed to 
evidence a differentiation process in the chondroepiphysis of stimulated 
bones at D30 (Figure 6-10). A group of hypertrophic chondrocytes 




forming a circle was stained in the center of the epiphysis of bones 
stimulated with EFs of 3.5 and 7 mV/cm during 1 h (Figure 6-10Figure 
6-10B and Figure 6-10C). No evidence of this differentiation process 
was observed in control cultures (Figure 6-10A).  
 
 
Figure 6-10. Representative scheme of histologies showing a 
hypertrophic cell condensation in the center of the chondroepiphysis 
of femurs and humerus.  
A) Histologies of femur and humerus controls at D30 of culture. B) 
Histologies of stimulated femurs at D15 and D30. C) Histologies of 
stimulated humerus at D15 and D30. Scale bar for bone histologies = 







Biophysical stimuli belong to the wide range of environmental stimuli 
to which cartilage cells are exposed. In fact, it has been demonstrated 
that chondrocytes are able to sense and trigger specific responses to 
different types of stimulation such as compressive loads, tension, 
hydrostatic pressure, shear stress and electrostimulation. Regarding 
chondrocytes in the growth plate, the main biophysical stimulus sensed 
by these cells is mechanical loading. Experimental studies have shown 
that mechanical compression has effects over chondrocytes in terms of 
dynamics (proliferation, hypertrophy and apoptosis) [198], [201], 
[294], cell morphology [203], [305], protein synthesis of chondrocytes 
(collagen type II, X and aggrecan) and enzyme expressions (MMP 13 
and ADAMTS-4/5) [204], [205]. Accordingly, it is possible to argue 
that the absence of mechanical loading corresponds to alterations in 
growth plate function, leading to abnormal shape and length of one or 
various skeletal elements. Studies in vivo and in vitro have also 
demonstrated that chondrocytes are also affected by electrical and 
electromagnetic stimuli, resulting in changes in cell dynamics, such as 
migration, differentiation, morphology, proliferation and gene 
expression [147], [151], [154]–[156], [164], [178], [299]. To approach 
such issue, a histomorphometric approach was used to evaluate the 
effect of capacitively coupled EFs on bone explants cultured in vitro. 
 
Results showed that the columnar zone on the stimulated bones were 
usually wider, and that cell columns were longer with many mature 
cells (hypertrophic). This result corroborates the findings of [180], in 
which an extra growth and longitudinal arrangement of immature 
cartilage cells in the Ht-z was observed. A similar work carried out by 
[182] showed that a direct stimulation on the bone increased the Ht-z of 
the growth plates; however, an abnormal growth of the epiphyseal plate 
was observed due to an incorrect application of the EFs according to 
the author. In this context, the correct intensity of the EFs applied are a 
relevant factor to consider, because high voltages can reduce bone 
growth and maintain cartilage in a quiescent state [183]. Taking this 
into account, the EFs, the stimulation time and the period of culture 




were well-stablished parameters in order to obtain a better 
understanding about the effect of electrical stimulation over the growth 
plate. 
 
Considering parameters about the EFs and frequencies established in 
literature [155], [167], [178], [181], [299], it was possible to obtain 
relevant results about the morphophysiology of chondrocytes within the 
epiphyseal plates. Although these results are important to understand 
how cells react to an external stimulus, the mechanism by which cells 
sense an external signal and then, translate it into a molecular response 
remains unknown. It has been evidenced that ion channels might be 
associated to electrical signal transduction. Even though a plethora of 
ion channels has been identified in chondrocytes membranes, calcium 
channels are the main type of ion channels associated to transduction of 
biophysical stimulations. Electrical signals applied either in indirect or 
direct contact with the cells, exert their effect on the cell membrane by 
activating the VGCC leading to increase in the intracellular Ca2+ levels 
[260], [306], [307]. The elevated influx of Ca2+ activates the 
cytoskeletal calmodulin, an intracellular protein that regulates the 
signal transduction of calcium within the cell, allowing the production 
of certain transcription factors such as the SOX-9 molecule. The 
activation of SOX-9 triggers an intracellular production of the main 
molecules of the articular cartilage such as collagen type II and 
aggrecan [260], [297], [298]. Although this signaling pathway was not 
implicated in this study, this aspect should be the focus of future works 
to clarify how EFs act over the chondrocytes from an electro-biological 
point of view. Another signaling pathway activated by EFs is the 
Wnt/β-catenin. This protein, also recognized as a morphogen, is 
involved in several developmental processes including body axis 
patterning, as well as cell differentiation, proliferation and migration 
[308], [309]. In fact, a study demonstrated an increase of β-catenin in 
the chondrocytes nucleus after an stimulation with EFs [154]. These 
results allow to conclude that electrical stimulation is a promising tool, 
as this biophysical stimulus may potentially alter biochemical, 
biophysical and electrochemical properties of chondrocytes [161], 






The histomorphometric analysis was carried out in bone explants 
isolated after birth. At this stage the internal structures of bones, such 
as the primary ossification center and the epiphysis are already formed. 
Considering that bones have a different behavior in vivo, where the 
process of bone formation continues, the results obtained cannot be 
compared with growth plate of bones that have grown in vivo for 30 
days. A bone presents a well-formed structure at D30, highlighting the 
primary and secondary ossification centers and growth plates. Although 
the aim of this study was not to reproduce the endochondral ossification 
process, the in vitro experiments allowed to observe the hypertrophic 
evolution of chondrocytes in response of a biophysical stimuli. Thus, it 
is noteworthy to mention that EFs have influence in the differentiation 
process not only over the growth plates, but also over the center of the 
epiphysis where chondrocytes increased their cellular volume (Figure 
6-10). This finding is relevant since EFs demonstrated to have influence 
over the pre-hypertrophy. This is an important event that plays a pivotal 
role, as it is responsible of the 70% of total longitudinal bone growth, 
in the initiation of the matrix mineralization, and in the promotion of 
tissue vascularization [303]. Although the mechanisms by which 
capacitively coupled EFs stimulate chondrocytes differentiation are not 
yet known, the observed effects in the immunohistochemistry staining 
evidenced that chondrocytes experience a pre-hypertrophic process at 
the location of the secondary ossification center (Figure 6-10B and 
Figure 6-10C).  
 
Based on the above, understanding the influence of electrical stimulus 
in the biology of the growth plate not only provides useful information 
regarding their role in epiphyseal plate physiology in vivo, but also 
supplies new tools for tissue engineering and regenerative medicine 
focused on the development of new therapeutic approaches for the 
treatment of injuries in the growth plate. 
 
6.6 Concluding Remarks 
 
The histomorphometric approach used to evaluate the effect of 
capacitive coupled EFs on bone explants revealed that growth plates 
morphology varies combining three main factors: 1) the EFs intensities, 




2) stimulation time per day and 3) period of culture. Thus, electrical 
stimulation has the ability to precisely control physical and biological 
properties of the growth plate by modifying either the thickness of the 
tissue or altering the cell response. Overall, the combination of 
biophysical techniques and in vitro culture models will not only allow 
the creation of novel tools to study the behavior of tissues, but also they 
can be used to create new therapies focused on the treatment of chronic 
pathologies of hyaline cartilage. The methodologies used to stimulate 
the regeneration of cartilage with EFs are increasingly approaching the 
development of technologies that meet the requirements of successful 
cartilage healing. In addition to that, electrical stimulation as a 
biophysical stimulus used in cartilage tissue engineering may improve 
clinical settings through the development of devices that stimulate in 
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Hyaline cartilage degenerative pathologies induce morphological and 
biomechanical changes that lead to cartilage tissue damage. In pursuit 
of a treatment to restore cartilage, injectable hydrogels have been used 
as a three-dimensional network to promote chondrogenic 
differentiation in situ in injured zones. However, factors such as culture 
times, cell viability and cellular retention within the matrix are not well-
established. In addition, a critical point in the use of hydrogels is that 
they alone cannot maintain a prolonged chondrogenesis process. 
Electrical stimulation has been proposed as a therapeutic option to 
improve tissue engineering techniques focused on cartilage repair, since 
there is evidence that electric fields induce the differentiation of 
mesenchymal stem cells towards the chondrocytic lineage. Our 
previous research has demonstrated that hydrogel mixtures of 
hyaluronic acid and gelatin are able to induce the chondrogenic 
phenotype of mesenchymal stem cells in in vitro cultures without the 
need of specific growth factors. Accordingly, the aim of this study was 
to electrically stimulate mesenchymal stem cells encapsulated in the 
optimal hydrogel mixture to enhance the chondrogenic differentiation 
previously observed. Results evidenced that an electric field of 10 
mV/cm at 60 kHz, applied for 30 min four times per day during 21 days, 
promotes cell proliferation and chondrogenic differentiation. The 
proliferation rate increased in stimulated hydrogels after 14 days of 
stimulation, while the expressions of SOX-9 and aggrecan were higher 
in stimulated hydrogels after 21 days of stimulation. These findings 
allow to conclude that electric stimulation is a very promising tool to 
enhance articular cartilage tissue engineering outcomes in therapies that 
combine hydrogels and mesenchymal stem cells. 
 
 
                                                     
6 The results presented in this chapter are in preparation to be published as a scientific 
article: J.J. Vaca-González, S. Clara-Trujillo, M. Guillot-Ferriols, J. Ródenas-
Rochina, M.J. Sanchis Sánchez, J.L. Gómez Ribelles, D.A. Garzón-Alvarado and G. 
Gallego Ferrer, “Coupled Capacitive Electric Fields Over Hyaluronic Acid – Gelatin 
Hydrogels Enhance Chondrogenic Differentiation”. (In preparation). 






Articular cartilage acts as a low-friction and wear-resistant surface in 
the load-bearing synovial joints [310]. Given its damping function, the 
cartilaginous tissue requires a specialized molecular structure to resist 
mechanical loads. Accordingly, the chondrocyte, the unique cellular 
type within cartilage, synthetize and maintain the molecular structure 
of the extracellular matrix (ECM) of the cartilage, such as collagens and 
proteoglycans (PGs) [1], [5]. These molecules provide greater stiffness, 
elasticity and resistance to osmotic and cyclic compression to the 
cartilaginous tissue [1], [311], [312]. The cartilage has limited self-
healing properties when is affected by traumatic injuries because it is 
an aneural tissue with low chondrocyte density [46], [280]. In this 
context, novel therapeutic methods have been implemented to recover 
the cartilage such as autologous mesenchymal stem cells (MSCs) 
implantation and intra-articular injections of MSCs [1], [46], [278], 
[280]–[282]. Considering that MSCs are multipotent cells capable to 
differentiate into several cells types such as cardiac muscle cells, neural 
cells, adipocytes, osteoblasts and chondrocytes [313], the 
aforementioned techniques are based on obtaining patient MSCs, 
expand them through in vitro cultures, and re-implanted them into the 
injured tissue [282], [314]. The autologous implantation has had mid-
term effects in cartilage repair, and the treated zone are primarily filled 
with fibrocartilage tissue in several cases [315]. Regarding the intra-
articular injections, it has been observed that MSCs encapsulated in 
hyaluronic acid (HA) solutions and injected in osteoarthritic knees have 
improved the treatment outcomes and the rate of cartilage regeneration 
[316]. MSCs have also shown their chondrogenic capacity to treat 
cartilage in the presence of growth factors and three-dimensional (3D) 
environments [317]. In fact, 3D structures provide ideal environment to 
the MSCs to proliferate, migrate and differentiate into functional tissue-
specific cells. Furthermore, 3D constructs enhance the diffusion of 
nutrients and bring a mechanical support for the cells in the first stages 
of regeneration [318]. Implement a biomimetic material with molecular 
properties similar to those of articular cartilage is challenge nowadays; 
in fact, different 3D constructs have been implemented to assess the 
cellular dynamics of MSCs and promote chondrogenesis such as 




alginate beads [319], [320], agarose hydrogels [321]–[323], collagen 
fiber [65], [66], micro-particles made of different polymers [63], [324], 
[325], and hyaluronic acid hydrogels [89], [326]–[328].  
 
Previous studies have indicated that injectable HA - gelatin hydrogels 
(HA-GEL) maintain chondrocytes morphology and enhance gene 
expression of collagen type II and aggrecan [93], [329]. It has been also 
demonstrated that HA is biocompatible and biodegradable substrata 
that enhances chondrogenesis process [310]. For instance, Pfeifer et al. 
evidenced that human MSCs embedded in HA-GEL hydrogels 
synthetized cartilage molecules such as collagen type II, GAGs, TGF-
beta and melanoma inhibitory activity protein (MIA) [92]. Similarly, 
some studies have shown that chondrogenesis is improved in the 
absence of growth factors such as TGF-β3, as was the case with the 
mixture of 70% HA – 30% GEL reported by Moulisová et al., [85], the 
collagen - HA scaffolds developed by Murphy et al., [330], and the 
decellularized cartilage matrices investigated by Burnsed et al., [331]. 
Other feature to highlight from the HA-GEL hydrogels is the ability to 
precisely control physiochemical and mechanical properties such as 
shear modulus, stiffness, water permeability and swelling and cross-
linking degree [85], [332]–[334]. 
 
Despite of this, it was evidenced that the use of 3D culture environments 
alone cannot maintain a prolonged chondrogenesis [318]. For this 
reason, cartilage tissue engineering has established technologies such 
as the application of biophysical stimuli in order to enhance flow of 
nutrients, cell attachment, molecular synthesis production and a 
prolonged chondrogenesis [335]. In this context, it has been reported 
that MSCs cultured either in monolayer or 3D constructs respond to a 
biophysical stimulus such as electric fields (EFs). For instance, in vitro 
studies have shown that EFs applied over MSCs cultured in monolayer 
change cell morphology and cell alignment [336], [337], improve cell 
migration [338], [339], and increase cell proliferation [340]. Regarding 
3D cultures, it has evidenced that micromass MSCs experienced an 
increase in collagen type II, aggrecan and SOX-9 after an stimulation 
with EFs [341]–[343]. 
 




Taking the above mentioned, we hypothesize that electric field 
stimulation may improve the positive results observed with MSCs in 
HA-GEL hydrogels. Since, to the best of our knowledge, there are not 
reported studies addressing such issue, the aim of this study was to 
stimulate mesenchymal stem cells encapsulated into injectable 
hydrogels in order to enhance the chondrogenic differentiation. To 
accomplish this, a capacitively coupled system was designed and 
implemented to generate and homogeneously distribute EFs of 10 
mV/cm at 60 kHz (sine wave-form). The hydrogels were stimulated 
using a stimulation scheme that consisted in applying EFs for 30 min 
four times per day during 21 days of culture. The mechanical properties 
of the hydrogels were measured by rheology, while the dielectric 
properties of the hybrid were measured by dielectric and impedance 
spectrometry. Cell proliferation was assessed by colorimetry, while 
gene expressions of collagen type I and II, SOX-9 and aggrecan were 
measured through immunofluorescence and RT-qPCR analyses. 
Results evidenced that electrical stimulation increased cell proliferation 
and enhanced the synthesis of chondrogenic markers such as SOX-9 
and aggrecan. In this study, the combination of 3D structures and EFs 
not only create a novel methodology to stimulate chondrogenesis in the 
absence of growth factors, but also may be used improve the therapeutic 
approaches focused on the treatment of chronic pathologies of articular 
cartilage. The methodologies used to stimulate the regeneration of 
cartilage are increasingly approaching the development of technologies 
that meet the requirements of successful cartilage healing and make the 
concept of cartilage tissue engineering extrapolated to a purely clinical 
setting. 
 




For the hydrogel synthesis the following reagents were employed: 
Hyaluronic acid sodium salt from Streptococcus equi, gelatin strength 
300 type A, 2-(N-morpholino) ethanesulfonic acid (MES), tyramine 
hydrochloride (HCl-Tyramine), N-Hydroxysuccinimide (NHS), 
dialysis tubing of 12.400 molecular weight cutoff (MWCO), sodium 




chloride (NaCl), hydrochloric acid (HCL), sodium hydroxide (NaOH), 
hydrogen peroxide solution (H2O2), peroxidase from horseradish 
(HRP). All reagents were purchased from Sigma-Aldrich. Dialysis 
Tubing of 3.500 MWCO was acquired from Spectrum labs and 
carbodiimide hydrochloride (EDC) was obtained from Iris Biotech 
GMBH. 
 
For the biological experiments DMEM (high glucose, GlutaMAX 
Supplement), Fetal Bovine Serum (FBS), phosphate buffered saline 
(PBS), antibiotics (penicillin/streptomycin) and trypan blue stain were 
obtained from Gibco. All the other reagents used in experiments were 
CellTiter 96 AQueous One Solution Cell Proliferation Assay (MTS) 
from Promega, recombinant human fibroblast growth factor basis 
(FGF-2) from Eurobio, saccharose from Panreac Química, Tween-20, 
DAPI dilactate, Triton X-100 and bovine serum albumin (BSA) from 
Sigma-Aldrich, QIAzol lysis reagent from Qiagen, chloroform from 
Fluka Analytical, absolute ethanol for molecular biology (100%) from 
Fisher Bioreagents, isopropanol  from Scharlab, OCT from Tissue-Tek, 
aggrecan primary antibody (BC-3) from Novus Biologicals, anti-SOX-
9 primary antibody from Abcam, secondaries antibodies for aggrecan 
(Alexa Fluor 555 goat anti-mouse), SOX-9 (Alexa Fluor 488 goat anti-
rabbit), and phalloidin (Alexa flour 488)  from Invitrogen, Maxima First 
Strand cDNA Synthesis Kit for RT-qPCR, with dsDNase and 
PowerUp™ SYBR™ Green Master Mix from ThermoFisher Scientific. 
 
The medium used to dissolve the polymers was the Calcium-free Krebs 
Ringer buffer (CF-KRB). This buffer was prepared in miliQ water with 
115 mM NaCl, 5 mM potassium chloride (KCl), 1 mM potassium 
dihydrogen phosphate (KH2PO4), and 25 mM 4-(2-hydroxyethyl) 
piperazine-1-ethanesulphonic acid (HEPES). Other buffer used in this 
study was the Tris-Buffered Saline (TBS 10X) with pH of 7.6. This 
buffer was prepared with Tris (24 gr) and NaCl (24 gr) in 1 L of -









7.3.2 Synthesis of HA-GEL hydrogels 
 
Considering the protocols described by [85], [344] and [345], the 
hydrogel mixture was obtained by enzymatically cross-linking 
tyramine conjugates of hyaluronic acid (HA-tyr) and gelatin (GEL-tyr), 
previously synthesized. 
 
HA-tyr was obtained after two chemical modifications. First, pristine 
HA molecular weight was reduced from 1.2 MDa to 350 kDa through 
acid degradation of a solution of 1% w/v HA in deionized water. Then, 
the solution was adjusted at pH 0.5 with HCl (20 M) and stirred at 200 
rpm for 24h at 37 °C for HA degradation. Then, pH was adjusted at 7 
by adding a 5M solution of NaOH. The obtained product was dialyzed 
for 3 days using a dialysis tubing of 3.500 MWCO, against deionized 
water that was changed three times per day. Finally, HA of low 
molecular weight was lyophilized in a LyoQuest freeze dryer (Telstar 
Life Science Solutions, Japan). In order to verify the molecular weight 
of the HA obtained, a measurement by Gel Permeation 
Chromatography (GPC), using a Waters Breeze system (Waters 
corporation, MA, USA), was performed according to the protocol 
described by [346]. Afterwards, the low molecular weight HA was 
grafted with tyramine. HA solution (0.5% in deionized water) was 
dissolved in presence of NaCl (150 mM), MES (0.276 mM) and NaOH 
(5M) at pH 5.75. To guaranty a correct dissolution of the HA, the 
mixture was stirred at 500 rpm for 2h at room temperature. Then, HCl-
Tyramine (2:1 Tyr/COOH molar ratio) was added and stirred during 20 
min at room temperature, and the pH was adjusted to 5.75. Then, EDC 
(1:1 EDC/COOH molar ratio) and NHS (1:10 NHS/EDC molar ratio) 
were added and stirred for 24h at 37°C. After reaction, the dissolution 
was dialyzed in a tube of 3.500 MWCO for 2 days against NaCl (150 
mM) for 24h and against deionized water for another 24h, with three 
changes of dialysis solution every day. Finally, the low molecular 
weight HA tyramine (HA-Tyr) grafted was lyophilized. 
 
Gelatin solution (2% w/v in deionized water) was dissolved with MES 
(50 mM) for 30 min at 60 °C. Then, HCl-Tyramine (2:1 Tyr/COOH 
molar ratio) was added and stirred during 20 min at room temperature. 




Then, the pH of the dissolution was adjusted at 6 and NHS was added 
and stirred at room temperature for 30 min. Next, ECD (2:1 
EDC/COOH molar ratio) was added and the mixture was stirred for 24h 
at 37 °C. Once the reaction time ended, the dissolution was dialyzed for 
2 days using a dialysis tubing of 12.400 MWCO. The dialysis was done 
against deionized water, which was changed three times per day. 
Finally, the tyramine conjugate of gelatin (GEL-Tyr) was lyophilized 
for further use. 
 
7.3.3 Tyramine substitution degree in HA and GEL 
 
The amount of phenol groups grafted in the HA and GEL were 
measured by spectrophotometry. First, 0.1% w/w solutions of HA–Tyr 
and GEL-Tyr in deionized water were prepared. Absorbance of this 
solutions was measured at 275 nm with a Cary 60 UV-Vis 
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). The 
substitution degree for HA–Tyr and GEL–Tyr was obtained by 
calculating the number of moles of tyramine per mL of dissolution. 
Calibration curve used included tyramine patterns at the following 
concentrations prepared in deionized water: 0.0125, 0.025, 0.05, 0.1 
and 0.125 mg/ml. Then, the number of moles per each carboxyl group 
(COOH) of the HA and gelatin was obtained in order to calculate the 
percentage of tyramine molecules per each COOH group. Regarding 
the COOH of pristine gelatin, the data was provided by the supplier and 
it is 80 mmol of COOH per 100 g of gelatin. Concerning the COOH of 
the HA, we used the molecular weight of each monomeric unit 
(C14H21NO11) and the mg of HA used in the measurements to calculate 
the moles of COOH per mg of pristine HA. 
 
7.3.4 Hydrogels preparation 
 
Hydrogels 2% (w/v) in a proportion of 70% HA (2% w/v) and 30% 
gelatin (2% w/v) were prepared according to the protocol described by 
[85], [344]. HA was dissolved 5 h before at 4 °C, while gelatin was 
dissolved for 30 min at 37 °C. A mixture containing 80% (v/v) of 2 w/v 
% of HA–GEL and 10% (v/v) of HRP (12.5 U/mL) was prepared. Then, 
the HA-GEL-HRP solution was cross-linked with 10% (v/v) of H2O2 




(20 mM). The hybrid was incubated at 37 °C and 5% CO2 for 20 min 
to ensure hydrogel cross-linking. 
 
7.3.5 Rheological measurements of HA–GEL hydrogel 
 
Three different measurements were performed in order to mechanically 
characterize the HA–GEL hydrogel. First, an oscillatory time sweep for 
20 min to register the gelation dynamics of the hydrogel was performed. 
The strain and frequency were selected at 1% and 1 Hz, respectively. 
Second, a dynamic strain sweep to calculate the range of strain 
amplitudes was carried out. Amplitudes ranging between 0.01% and 
15% and a frequency of 1 Hz to measure the dynamic shear modulus as 
a function of strain were used. Finally, a dynamic frequency sweep test 
to determine the dependence of the dynamic shear modulus and loss 
factor on the frequency was done. Frequencies between 0.1 and 10 Hz 
and a strain of 1% were selected. The hydrogel temperature was 
controlled and maintained by a Peltier device at 37 °C. The hydrogel 
dynamic was measured using a gap around 1100 μm between the plates. 
During the experiment, the solvent loss was reduced using a solvent 
trap geometry of parallel plates (made of nonporous stainless steel, 
diameter = 20 mm). Measurements were carried out by cross-linking 
HA (2 w/v %) and gelatin (2 w/v %) either in DMEM or CF-KRB with 
1% P/S at 37 °C in order to determine which medium has similar 
mechanical properties to those of cartilage tissue. The protocol 
described for cross-linking process of hydrogels is showed in section 
7.3.4. The rheological parameters were measured using a strain-
controlled rheometer (Discovery HR-2, TA Instruments, New Castle, 
DE USA). 
 
7.3.6 Dielectric constants of HA–GEL hydrogels and 
culture media 
 
Dielectric experiments were performed to measure the conductivity and 
permittivity of the hydrogel mixture and the culture media. A volume 
of 350 µL either of hydrogel mixture (2% w/v) or culture media was 
placed in a liquid parallel plate sample cell (BDS1308). The hydrogels 
were gelified in situ over the electrode adding HA, gelatin, enzyme 




(HRP) and peroxide (H2O2), as previously described. The electrode gap 
was adjusted by silica spacers. The measurements were carried out a 
room temperature and a frequency window from 1.1x100 to 1x107 Hz 
using a Novocontrol BDS system comprising a frequency response 
analyzer (Solartron Schlumberger FRA 1260) and a broad-band 
dielectric converter with an active sample head. The measurement error 
was shown to be less than ±3%. 
 
7.3.7 Estimation of EFs 
 
A computational simulation was implemented to estimate the EF in the 
capacitively coupling system and within the hydrogel. The coupled 
capacitive system is composed of two parallel stainless-steel electrodes 
located at the top and bottom of a 48 culture well-plates (Chapter 5 
Figure 5-2). The EF generated between the electrodes is perpendicular 
to the hydrogels and it is influenced the potential differential applied 
between the electrodes (100 V at 60 kHz) and the dielectric constants 
of the substrates (Table 7-1).  
 
Table 7-1: Dielectric properties and measurements used in the 
simulation. 
Component Parameter Value used in 
simulation 
Stainless-steel 
Electrode separation 20 [mm] 
Electrode radius 50 [mm] 
Thickness 5 [mm] 
Relative permittivity 1 
Electric conductivity 1.73913[MS/m] 
Well plate 
Length and height  
Thickness 1 [mm] 
Relative permittivity 3.5 
Electric conductivity 6.9 [nS/m] 
Air 
Relative permittivity 1 
Electric conductivity 0[S/m] 
 
A single well-plate from a 48 well-plate was modelled as an 
axisymmetric configuration and the electrodes were big enough at the 




top and bottom of the single well to ensure a homogeneous and isotropic 
distribution of the EF during the simulation. The computational 
simulation was implemented by a finite element analysis using a 
software of electromagnetic simulations (COMSOL Multiphysics, 
Comsol Inc. Los Angeles, USA). 
 
7.3.8 Mesenchymal stem cell isolation and cell culture 
 
4-months-old pig leg obtained from the Veterinary Medicine Faculty of 
Universitat de València was used in this study to extract the MSCs. 
Recommendations from the ethics committee were followed for this 
experimental procedure. First, the skin and all surrounded muscles were 
carefully detached until the femur was completely exposed. Then, the 
proximal epiphysis of the femur was removed, and the bone marrow 
was extracted from the cancellous portion of the femur. The bone 
marrow was resuspended in 40 mL of DMEM, homogenized with a 
syringe and centrifugated at 1500 rpm for 5 min. This process was 
performed until the fat phase from the cell suspension was completely 
removed. Then, cell suspension was transferred into 10 mL of DMEM, 
homogenized and filtered using a membrane filter of 40 µm. Cell yield 
and viability were determined by counting in hemocytometer with 
trypan blue and 6% of acetic acid, respectively. 25 million of cells were 
cultured in T-75 culture flasks in DMEM supplemented with 10% FBS 
and 1% antibiotics (penicillin/streptomycin). Cell cultures remained in 
atmospheric conditions of 37 °C and 5% CO2, and culture media was 
changed every two days until a confluence of 80% was reached. Before 
cell encapsulation into the hydrogels, the MSCs were expanded until 
passage 3 - 4 in DMEM supplemented with 10% FBS, 1% of 
antibiotics, and FGF-2 (50 ng/mL). 
 
Hydrogels in a proportion of 70% HA (2% w/v) and 30% gelatin (2% 
w/v) were prepared as previously described in section 7.3.4. The 
lyophilized powders of their tyramine conjugates were dissolved in CF-
KRB for cell cultures. Once HA, gelatin and HRP were mixed, the 
solution was filtered through a 0.22 µm syringe filter for sterilization. 
A required amount of MSCs (1 × 106 cells/mL) from passage 4 to 5 
were added to the HA-GEL–HRP solution [85]. Then, a drop of 45 μL 




of the HA–GEL cell suspension was cross-linked with 5 μL of 20 mM 
H2O2 on each well of a 48 culture well-plate and left in an incubator at 
37 °C and 5% CO2 for 20 min to ensure hydrogel cross-linking. Finally, 
a growth medium (GM) containing DMEM supplemented with 10% 
FBS and 1% of antibiotics was added. Cell culture were followed for 
21 days, and cell culture medium was changed every 2 days. 
 
7.3.9 Electrical stimulation assay 
 
Electrical stimulation was performed using a coupled system that 
deliver homogeneous EFs [178]. The electrodes were placed in teflon 
supports to eliminate any contact with the incubator surface. The 
positive and negative terminals of the electrodes were connected to an 
electronic circuit (oscillator) that generated the voltage and frequency 
required to create the EF. The oscillator was energized with a dual 
source (Lendher – HY3003D-3, Shenzhen, China) and signal 
verification before and after electrical stimulation was monitored using 
an oscilloscope (Keysight – DSO1052B, Santa Rosa, CA, USA). 
Stimulated cultures were placed between electrodes, while control 
cultures were incubated in the same way, except that electrodes were 
not connected to the oscillator. Hydrogels were exposed to an EF of 10 
mV/cm at 60 kHz sine wave-form during 21 days of culture. According 
to a previous report the EF was delivered at first day of culture using an 
exposure time of 30 min delivered four times per day according to 
following the scheme: 30 min of stimulation corresponds to 5.5 h 
without stimulation [178]. 
 
7.3.10 Morphology and cell proliferation assay 
 
Morphology was assessed by microscopic examination after 
DAPI/actin fluorescent staining of the MSCs encapsulated in the 
hydrogels. First, all samples were washed with PBS, fixed in 4% of 
formaldehyde for 20 min at room temperature, and washed twice with 
PBS to remove fixing solution. Then, hydrogels were submerged 
overnight into 30 % w/v saccharose in miliQ water, embedded in OCT 
and stored at -80°C. For DAPI/actin staining, the cryopreserved 
hydrogels were segmented at 30 µm in a cryostat (Leica CM 1860 UV), 




placed over SuperFrost slides and stored overnight at room temperature. 
The slices were washed twice with PBS 1X. Then, the samples were 
washed with Triton 100X at 0.1% v/v in PBS 1X for 10 min. Thereafter, 
the blocking solution was removed and two washes with PBS 1X were 
done. After, DAPI at 1:500 and phalloidin at 1:100 diluted in PBS 1X 
were added to the samples and incubated during 1 h at room 
temperature. Finally, the samples were washed twice with PBS 1X and 
stored at 4 °C for further examination under the fluorescence 
microscope (Nikon Eclipse 80i, Melville, NY USA). 
  
Proliferation was assayed on days 2, 7, 14 and 21 using MTS assay. 
First, culture media was removed and the hydrogels (five replicates) 
were washed with PBS. Then, samples were transferred into new 48 
culture well-plate, and a solution containing culture media without 
phenol red and MTS reagent (ratio 5:1) was added. Cell-cultured 
samples were incubated at 37 °C and 5% CO2 for 2 h in dark. Thereafter, 
the absorbance of 100 μL of supernatant was measured at 490 and 690 
nm with a VICTOR3 multilabel plate reader (Perkin Elmer, Waltham, 
MA). Absorbance at 490 nm is proportional to the number of viable 
cells in each sample, whereas the absorbance at 690 nm is used to 
subtract the potential background signal of small pieces of hydrogels 
inside each well. Additionally, cell morphology was assessed using 
phase contrast images on days 2, 7, 14 and 21 using an inverted 
microscope (Nikon Eclipse TS100, Melville, NY USA).  
 
7.3.11 Assessment of chondrogenic markers 
 
Hydrogels at days 14 and 21 were immunostained for aggrecan and 
SOX-9, respectively. First, hydrogel slices were obtained following the 
protocol described in section 7.3.10. For immunoassaying, the slides 
were washed twice with TBS for 4 min, blocked and permeabilized with 
0.1% v/v Tween-20 and 2% BSA in TBS during 15 min at room 
temperature. After, aggrecan at 1:500 and SOX-9 at 1:250 primary 
antibodies were diluted in blocking solution and incubated by 
separately overnight at 4°C. Samples were washed four times with 0.1% 
v/v Tween-20 in TBS for 3 min and aggrecan at 1:300 and SOX-9 at 
1:350 secondary antibodies were diluted in blocking solution and 




incubated by separately at 37°C during 1 h in dark. Finally, slides were 
washed four times with 0.1% v/v Tween-20 in TBS for 3 min and 
stained with DAPI (1:500 in PBS 1X) to reveal the nucleus. Images 
from immunofluorescence were taken using a microscope with 
integrated camera (Nikon Eclipse 80i, Melville, NY USA).). 
 
A quantification of aggrecan and SOX-9 expression was carried out 
using the samples stained previously. The total amount of expressed 
molecules was analyzed using 20X-magnification images (n=9). 
Aggrecan and SOX-9 positive cells were recognized and counted using 
image J software (NIH Image software, Bethesda, MD USA). 
 
7.3.12 Gene expression assay 
 
Total RNA isolation was carried out for samples at days 14 and 21. Two 
hydrogels of the same group were mixed and disintegrated by pipetting 
adding 700 µL of QIAzol lysis reagent. Then, 140 µL of chloroform 
were added to the mixture and centrifugated at 13000 rpm for 10 min at 
4°C. The liquid phase was carefully removed and transferred to 
nuclease-free tube. After, 140 µL of chloroform were added to the RNA 
and centrifugated at 13000 rpm for 10 min at 4°C. Thereafter, the upper 
aqueous phase was carefully removed and transferred to new nuclease-
free tube and a proportion 1:1 of isopropanol was added to the RNA. 
The sample was stored at -80°C for 30 min, and then centrifugated at 
14.000 rpm for another 30 min. The isopropanol was removed and 1 
mL of ethanol for molecular biology (100%) was added to wash the 
RNA. The sample was centrifugated at 140.000 rpm for 1 min and the 
ethanol was removed from the sample. Finally, the RNA was 
resuspended in 30 µL of Nuclease-Free water and RNA quality was 
measured at 260 nm in a UV spectrophotometer Q3000 (Quawell, San 
Jose, CA, USA). 
 
For reverse transcription of the isolated RNA, mixtures containing 12 
µL of RNA, 1 µL of dsDNsa Buffer (10X) and 1 µL dsDNsa were 
heated at 37 °C for 2 min. Then, 4 µL of Reaction Mix (5X) and 2 µL 
of Maxima Enzyme Mix were added to the mixtures and heated during 




10 min at 25°C, followed by 15 min at 50°C, and finally for 5 min at 
85°C in a MJ Mini thermal cycler (Bio-Rad, Hercules, CA, USA).  
 
Expression was assessed by real time PCR using primers for aggrecan, 
collagen types I and II, SOX-9 and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) (Table 7-2). The gene expression analysis 
was done in a 7500 Fats Real-Time PCR System (Applied Biosystems, 
Waltham, MA, USA) 
 
Table 7-2: Forward (F) and Reverse (R) primers for pig targets. 





















7.3.13 Statistical analysis 
 
For the statistical studies, Statgraphics software was used. Shapiro-
Wilks test was used to verify normality of data. Then, one-way 
ANOVA with Tukey post-test was applied. In addition, Kruskal-Wallis 





7.4.1 HA molecular weight 
 
The calibration curve of the PEO patterns used to calculate the 
molecular weights of HA-HMW, HA-LMW and HA-Tyr is shown in 
Figure 7-1A. The results indicate that higher molecular weights have a 
higher and narrower peak (Figure 7-1B). The molecular weight of the 




HA-HMW, HA-LMW and HA-Tyr is shown in Figure 7-1C. It is 
possible to observe a decrease in HA molecular weight after acid 
degradation process. The HA-HMW showed a molecular weight of 
1.187.238 Da, while the HA-LMW evidenced a molecular weight of 
272.920. After grafting process with tyramine, HA-Tyr molecular 
weight was 346.276 Da. 
 
 
Figure 7-1: Molecular weight of HA. 
A) Calibration curve obtained from the PEO standards of known 
molecular weight. B) Molecular weight distribution curve of HA-
HMW, HA-LMW and HA-Tyr measured by GPC. C) Molecular weight 
of HA-HMW, HA-LMW and HA-Tyr. Each curve corresponds to the 
average of three different samples. 
 
7.4.2 Tyramine substitution degree in HA and GEL 
 
The substitution degree of tyramine in both HA and gelatin was 
measured by spectrophotometry (Table 7-3). The substitution degree 
for HA was 3 𝐸 − 4 𝑀𝑜𝑙 𝑇𝑦𝑟/𝑚𝑔, indicating that 7 % of HA carboxyl 
groups were substituted by phenol groups after tyramine grafting. 
Regarding the gelatin, results showed a substitution degree of 4.5 𝐸 −




4 𝑀𝑜𝑙 𝑇𝑦𝑟/𝑚𝑔 for gelatin, indicating a substitution of 37 % of gelatin 
carboxyl groups. The degree of substitution indicates that the greater 
the degree of substitution of the tyramine groups in the polymer, the 
greater the degree of cross-linking of the hydrogel formed. 
 
Table 7-3: Graft tyramine concentration values and substitution 
degree in the synthesized products.  
 HA-Tyr GEL-Tyr 
Absorbance (a.u) 0.07 0.11 
[Tyr] grafted (mg/mL) 0.03 0.04 
[Tyr] grafted (mol/mg) 3E-04 4,5E-04 
COOH (mol/mg) 4.0E-03 1.20E-03 
Substitution degree (%) 7 37 
 
7.4.3 Mechanical properties of the hydrogels 
 
The rheological properties were measured over polymers that were 
dissolved in two different mediums: CF-KRB and DMEM, 
respectively. The variation of the storage modulus (𝐺′) as a function of 
reaction time, and the complex storage modulus (|𝐺∗|) as a function of 
strain are shown in Figure 7-2. Regarding the 𝐺′, both media showed a 
similar stabilization time; however, the polymers dissolved in CF-KRB 
evidenced a higher 𝐺′ (1141 Pa) in comparison with those dissolved in 
DMEM ( 𝐺′ = 213 𝑃𝑎 ) (Figure 7-2A). A similar behavior was 
observed in the |𝐺∗|, which was higher in hybrids that were dissolved 
in CF-RKB, and lower in hydrogels dissolved in DMEM (Figure 
7-2B).  
 
The frequency-dependent of (G′) and loss modulus (G′′) is shown in 
Figure 7-3. Results indicate that polymers, dissolved and cross-linked 
in presence of CF-KRB, have a higher elastic contribution in 
comparison with the hybrids cross-linked using DMEM as solvent 
(Figure 7-3A). It means that hydrogels with higher G′ are less viscous 
and dissipate less energy. This premise can be corroborated with the 
values of the G′′, which are lower than G´ (Figure 7-3B). 





Figure 7-2: Gelation dynamics and strain amplitudes of hydrogels. 
A) Oscillatory time sweep to register the crosslinking kinetics of 
hydrogels. Storage modulus as a function of reaction time. B) 
Dynamic strain sweep to calculate the range of strain amplitudes. 
Complex modulus magnitude (|𝐺∗|) of crosslinked hydrogels as a 









Figure 7-3: Dynamic frequency sweep test to determine the 
dependence of the dynamic shear modulus and loss factor on the 
frequency. 
A) Storage modulus (𝐺′) B) Loss modulus (𝐺′′). Each curve 
corresponds to the average of three different samples. 
 
7.4.4 Electrical properties of the hydrogel 
 
The permittivity (𝜀′) and conductivity (𝜎) of the hydrogels and the 
DMEM are shown in Figure 7-4. Regarding the 𝜀′, which is the ability 
of a medium to store an EF, it was observed that the DMEM presented 




a higher 𝜀′ = 2.67 𝐸 + 04  in comparison with the hydrogel ( 𝜀′ =
8.03 𝐸 + 03 ) (Figure 7-4A). It means that the DMEM yield less 
electric flux than the hydrogels; therefore, the EF generated by the 
capacitively system will be higher within the hydrogels.  
 
 
Figure 7-4: Dielectric properties of the hydrogels and culture 
medium. 
A) Permittivity (𝜀′) of hydrogels and culture medium. B) Conductivity 
(𝜎) of hydrogels and culture medium. Each curve corresponds to the 
average of three different samples. 




Concerning the 𝜎 , it was observed that both the hydrogels and the 
DMEM presented similar 𝜎 values (Figure 7-4B). This result indicates 
that both the polymers and the medium have the same ability to let 
electric current pass through it. 
 
7.4.5 Distribution of EFs 
 
An axisymmetric computational simulation was carried out in order to 
calculate the EFs in the capacitively coupled system (Figure 7-5).  
 
 
Figure 7-5: Distribution of the EFs within the cell culture. 
A) Distribution of the EFs within the hydrogel and the DMEM. B) 
Values of the EFs within the hydrogel. 




The EF distribution in both the hydrogel and the DMEM is shown in 
Figure 7-5A. Considering that the cells are immersed within the 
hydrogel, it is relevant to know the EF intensities within the whole 
surface of the hybrid. For this reason, in Figure 7-5B it is possible to 
observe that the EFs within the hydrogels are between 9 and 12 mV/cm. 
 
7.4.6 Morphology and cell proliferation 
 
Considering that chondrocyte differentiation is usually observed from 
day 14 of culture, especially at day 21, a fluorescence assay with 
DAPI/actin was performed at these days in order to stain cytoskeleton 
and identify cell morphology. Results indicated that at days 14 and 21 
the cells keep their rounded morphology, except some cells that 
acquired an elongated shape, eventually indicating that chondrogenesis 
is favored in the cells encapsulated in the hydrogels (Figure 7-6).  
 
  
Figure 7-6: DAPI/actin staining to control and stimulated hydrogels 
at days 14 and 21 of culture. Scale bar = 50 µm. 




Morphology of both controls and stimulated hydrogels was monitored 
during the whole stimulation period by photos using an inverted 
microscope. Photos evidenced that at days 2 and 7 both controls and 
stimulated cultures have a rounded cell morphology (Figure 7-7). 
 
 
Figure 7-7: Phase contrast images of control and stimulated 
hydrogels at days 2, 7, 14 and 21 of culture. Scale bar = 50 µm. 




Regarding cell proliferation, the controls and stimulated cultures 
showed an exponential growth during the 21 days of culture (Figure 
7-8). At days 2 and 7 of culture the controls evidenced a higher 
proliferation rate in comparison with the stimulated hydrogels. On the 
contrary, at day 14 the cell proliferation was higher in the stimulated 
hybrids in comparison with controls. No significant differences were 
found between controls and stimulated hydrogels at day 21. 
 
 
Figure 7-8: Cell proliferation of controls and stimulated hydrogels. 
Statistically significant differences were found at days 2, 7 and 14. 
(n=5, p < 0.05**). The results from absorbance measurement are 
expressed as arbitrary units (aqua). 
 
7.4.7 Chondrogenic differentiation 
 
Chondrogenic differentiation was assessed by immunofluorescence at 
days 14 and 21. Results indicated that the MSCs cultured in the 
hydrogels and in presence of GM, expressed both SOX-9 and aggrecan 
at days 14 and 21 (Figure 7-9 and Figure 7-10). Accordingly, the 
immunofluorescence images allowed to identify the zones in control 
cultures where there was no expression of aggrecan after 21 days of 
culture (Figure 7-10 yellow arrows). Although a lack of aggrecan 
expression in stimulated cultures also was evidenced, this was not as 
evident as in the control groups. Concerning SOX-9, the expression in 
both controls and stimulated hydrogels was similar in the 
immunofluorescence images. 





Figure 7-9: Immunofluorescence images for SOX-9 and Aggrecan 
of MSCs cultured in HA–GEL hydrogels for 14 days. Scale bar = 50 
µm. 





Figure 7-10: Immunofluorescence images for SOX-9 and Aggrecan 
of MSCs cultured in HA–GEL hydrogels for 21 days. Scale bar = 50 
µm. 





Figure 7-11: Quantification of chondrogenic markers of MSCs 
encapsulated in the HA–GEL hydrogels. 
A) Percentage of positive cells for SOX-9 at days 14 and 21 of culture. 
Statistically significant differences were found at day 21 (p < 0.05**). 
B) Percentage of positive cells for aggrecan at days 14 and 21 of 
culture. Statistically significant differences were found at days 14 and 
21 (p < 0.05**). Relative collagen type I and II, aggrecan and SOX-9 
gene expression from qPCR. Statistically significant differences were 
found for aggrecan at day 21 (p < 0.05**). 




Moreover, it was observed that both controls and stimulated cultures 
expressed both molecules. To observe the percentage of cells that were 
expressing SOX-9 and aggrecan in the immunofluorescence images, a 
quantification of these chondrogenic markers was performed. Results 
evidenced that SOX-9 synthesis was higher at day 21 in stimulated 
cultures compared with controls (Figure 7-11A), while aggrecan 
expression increased in hydrogels stimulated at days 14 and 21 
compared with controls (Figure 7-11B).  
 
The gene expression of controls and stimulated hydrogels is shown in 
Figure 7-11C. The results showed that there were not significant 
differences in the expression of collagen type I and II, and SOX-9 
between controls and stimulated cultures; however, there was an 
increase in the expression of aggrecan in hydrogels that were 




Different hydrogels and biophysical stimuli have been used to induce 
the chondrogenic differentiation in order to improve the regenerative 
properties of MSCs used for cartilage lesions repair [62], [63], [71], 
[238]. Accordingly, this study id the first attempt to combine HA-GEL 
injectable hydrogels and electrical stimulation to enhance chondrogenic 
differentiation of bone marrow derived MSCs in absence of growth 
factors. The design, characterization and production of hydrogels was 
focused on develop biomaterials with well-stablished stiffness and 
dielectric properties for induce chondrogenic differentiation. On the one 
hand, this study allowed to identify that the stiffness of the hydrogels 
vary depending on the medium used to dissolve the polymers. It was 
noticed that polymers dissolved in CF-RKB had higher 𝐺′  in 
comparison with those dissolved in DMEM. Although there is no 
evidence about the effect that the DMEM have over the polymers, it has 
been described that polymers stiffness depend on the cross-linking 
degree [85]. In this context, we hypothesize that the chemical 
composition of the DMEM modifies the cross-linking chains of the 
hydrogels. Therefore, the use a growth medium as solvent leads to 
hydrogels with a poor reticulated mesh, a less mechanical modulus and 





degree of hydrogels is improved when CF-RKB is used as solvent. 
Thus, polymers dissolved in this buffer present a higher shear modulus. 
On the other hand, the dielectric properties of the cell culture medium 
and the hydrogel were characterized in order to appropriately establish 
the electrical stimulation conditions. This is the first attempt to calculate 
the dielectric properties of the HA–GEL hydrogels. Even though a 
study measured the dielectric constants of a HA – collagen mixture, the 
results showed lower 𝜀′ = 34.15 and 𝜎 = (1.0E − 7), compared with 
the 𝜀′ = 8.03E + 03  and 𝜎 = 7.10𝐸 − 2  found in this study [348]. 
This discrepancy may be explained by the concentration of the 
polymers used to make the hydrogels. The aforementioned study used 
0.5% (w/v) of HA and 0.5% (w/w) of collagen, while the concentration 
used in this work was 2% (w/v) for both HA and gelatin. In this context, 
it is possible to conclude that higher concentrations of polymer increase 
the 𝜀′  of the hydrogel and in turn enhance the polarization of the 
molecules to override the internal EF when an external EF is applied. 
Based on the 𝜎  found in this work, it is possible to conclude that 
hydrogels with higher concentration of polymers have low electric 
resistance, which leads to efficient current flow. In fact, the 𝜎  of 
hydrogels depends on the cross-linking degree, as the greater the 
formation of hydrogen bonds, the greater the density of charge carriers 
[348]. The mechanical and dielectric properties of the designed 
hydrogels not only bring novel information about the 
physicomechanical characteristics of the hybrids, but also allow to 
understand the MSCs behavior when the scaffolds are being stimulating 
with EFs. 
 
The HA–GEL injectable hydrogels demonstrated to have great potential 
as a three-dimensional cell culture scaffolds, as the hybrids stimulated 
the chondrogenic differentiation in absence of growth factors. This 
finding is consistent with the results obtained by Moulisová et al., in 
which they evidenced that mesenchymal stem cells, encapsulated in 
several ratios of HA–GEL and without growth factors, secretes 
chondrogenic markers such as aggrecan, SOX-9 and collagen Type II 
[85]. To our knowledge, few reports in literature have evidenced the use 
of the mixture HA–GEL hydrogels as a biomaterial for chondrogenesis 
enhancement. However, it has been demonstrated that similar analogs 
based either on gelatin or GAGs have been used as matrix supports to 




induce chondrogenesis differentiation. Concerning the gelatin, it has 
been shown that gelatin hydrogels upregulate the gene expression of 
SOX-9, collagen type II and GAGs in presence of growth factors [88], 
[322], [349]. Nevertheless, it was demonstrated that MSCs seeded into 
gelatin hydrogels acquire a fibroblast-like morphology during culture 
[88]; therefore, the synthesis of chondrogenic markers is lower in pure 
gelatin hydrogels in comparison with hybrids that contain hyaluronic 
acid [85]. Accordingly, in this study a combination between HA and 
gelatin was chosen in order to provide a hydrated environment with 
high resistance to shear loading, and with anchoring points to favor cell 
adhesion. The fibroblast-like morphology acquired by the cells is due 
to the gelatin content into de hydrogel. It has been observed that pure 
gelatin hydrogels have more cell adhesive functional groups; therefore, 
cells have more anchor points and can be easily dispersed within the 
matrix [322]. In addition, gelatin increases pore size of the hydrogel, 
which provides more space for cellular elongation, spreading and 
migration [334]. Regarding the HA hydrogels, it has been demonstrated 
that HA is a natural polymer that enhances chondrogenic lineage of 
MScs in presence of growth factors such as TGF-β3 [89], [90], [350], 
which is not adequate for wound healing because during the 
inflammatory stages it seems to counteract the healing process [351]. 
Moreover, pure HA hydrogels are materials with very poor cell 
adhesion properties and low capacity to promote cell proliferation [85]. 
One of the advantages to use HA in hydrogels is because this 
polysaccharide and its membrane receptor, CD44, promotes 
chondrogenesis [264], [352]. Overall, it has been showed that HA 
mixture with fibrillar proteins may increase the chondrogenic markers 
expression in basal conditions, due to the fibers provide adhesion 
properties and polysaccharides bring better mechanical properties 
[353]. According to this, the hybrids performed in this study are a 
combination of helical amino acids chains that form native arginine-
glycine-aspartic acid (RGD) adhesion sites, and consequent chains of 
disaccharide that provide greater stiffness properties.  
 
Concerning the stimulation method, there are two schemes to apply the 
EFs to in vitro cultures. The first scheme uses electrodes which are in 





consists of an indirect coupling system that uses external parallel 
electrodes. Given that the electrodes that are in contact with culture 
have insufficient biocompatibility and alter physicochemical features of 
the cell culture medium [175], it was decided to use an external 
capacitive system to stimulate the scaffolds. Although the chondrogenic 
differentiation has been enhanced by the application of EFs using either 
direct [340], [342] or indirect stimulation [341], [343], the use of 
external parallel electrodes was implemented in this study because there 
is evidence that this stimulation method increases cell population and 
molecular synthesis of different type of cells [175]. Moreover, this non-
invasive capacitive coupling system is similar to medical stimulation 
devices used to treat osteoarthritic knees [177]. In this context, we 
propose a high-performance electrical device that may be used in the 
medical industry to enhance the noninvasive therapies focused on the 
treatment of hyaline cartilage. 
 
Experimental analyzes showed that MSCs behavior is stimulated by 
EFs of 10 mV/cm applied for 30 min each four h per day. A decrease 
in cell proliferation was observed after 2 and 7 days of stimulation, 
while an increase cell population was evidenced after 14 days of 
stimulation compared with controls. This finding contrasts with 
previous reports, which have not noticed that MSCs cultured in micro-
mass and collagen scaffolds do not proliferate after 7 days of electrical 
stimulation [341], [343], [354]. However, it has been evidenced that 
short exposure times of electrical stimulation increased the proliferation 
rate of MSCs growth in monolayer in presence of chondrogenic 
medium [340]. In terms of molecular synthesis of MSCs, different 
chondrogenic markers were used in this study as indicators for 
chondrogenic differentiation. It was observed that stimulated hydrogels 
experienced an increase in SOX-9 and aggrecan expression after 14 and 
21 days of stimulation. Some literature reports have evidenced that 
micro-mass cultures of MSCs stimulated with 20 mV/cm at 1 and 60 
kHz experienced an increase in SOX-9, aggrecan and collagen type II; 
however, the increase in gene expression was obtained under 
chondrogenic conditions using TGF-β3 [341], [343]. A recent study 
showed that MSCs encapsulated in bovine collagen-based scaffolds and 
stimulated with direct coupled EFs for seven days had weaker response 
regarding the expression of cartilage matrix proteins [354]. These 




results suggest that the stimulated HA–GEL injectable hydrogel here 
presented is a very good alternative to induce chondrogenic 
differentiation not only in the absence of exogenous factors, but also in 
the presence of a biophysical stimulus. This finding evidenced the 
creation of a novel biocompatible material that can be used not only to 
treat cartilage injures, but also improve current alternative therapies 
without causing any undesirable local or systemic effects in the injured 
zone. 
 
7.6 Concluding remarks  
 
The purpose of this study was to carry out a novel framework to 
enhance the chondrogenic differentiation of MSCs encapsulated into 
injectable hydrogels and stimulated with external EFs without the need 
of growth factors. Results showed that EFs affect the proliferation rate 
and stimulate the synthesis of chondrogenic markers such as SOX-9 and 
aggrecan. Therefore, the electrical stimulation might be used to improve 
the cell dynamics of MSCs during in vitro cultures and to enhance 

















































Hyaline cartilage has been extensively studied from different fields 
such as medicine, physiotherapy and engineering in order to find an 
alternative therapeutic approach to treat cartilage pathologies. Given the 
complex morphophysiological structure of cartilaginous tissue, current 
techniques such as physiotherapeutic treatments, surgical interventions, 
and biocompatible materials to replace cartilage defects are not 
definitive therapies to restore cartilage tissue. Nowadays, cartilage 
tissue engineering has focused on the combination of regenerative 
medicine techniques with the application of biophysical stimuli to 
improve the dynamic of the molecular structure of cartilage. Electrical 
stimulation has been used as external biophysical stimuli to increase 
chondrocyte proliferation rate and stimulate matrix proteins synthesis. 
Promising results have been obtained with the application of this kind 
of stimulation in terms of ECM production enhancement and 
chondrocyte morphophysiology modulation; however, a definitive 
treatment either to restore cartilage completely or to replace native 
cartilage with a biomimetic material with similar biochemical and 
biomechanical features has not been achieved yet.  
 
The effect of EFs on chondrocytes has been assessed using several 
methodologies to apply the electric fields, where the most used 
parameters are the EF intensity, the stimulation times and the period 
that the biological sample need to be under stimulation. On the other 
hand, the EFs can be applied in vitro or in vivo using either direct 
contact electrodes or external capacitively coupled electrodes. 
However, there are discrepancies in the reported results because 
parameters such as the stimulation scheme, homogeneity of the EFs and 
calculation of the EFs are not well documented. Moreover, the 
methodological differences observed make difficult the comparison and 
extrapolation of the results obtained with chondrocytes in three most 
studied scenarios: monolayer cultures, explants and 3D constructs.  
 
Taking this into consideration, this study gives insight in the molecular 
and morphological features of hyaline cartilage and their cellular 
behavior when are electrically stimulated. The information obtained 
from this study allowed the estimation of dielectric constants of the cell 
culture medium and hydrogels. This characterization was useful to 




analyze and determine computationally the EFs that are stimulating the 
cells. In addition, the measurement parameters allowed the design and 
building of the capacitively coupled system that distribute 
homogeneously the EFs over the entire surface culture. 
 
Initially, the study presented here evaluated the effect of different 
electrical stimulation schemes using the designed device on 
chondrocyte monolayer cultures. The results evidenced that cellular 
behavior was differentially impacted depending on EF intensity and 
stimulation times per day. In this sense, depending on stimulation 
scheme we observed in some cases increased proliferation rate, 
inhibition of the chondrocytes’ proliferative capacity or stimulation of 
GAGs synthesis. These findings are relevant, since if the objective is to 
increase the cell population, an EF of 4 mV/cm should be applied during 
a period of 30 min. But if it is desired to stimulate the synthesis of 
GAGs, an EF of 8 mV/cm should be applied during 5 h. Therefore, an 
adequate electrical stimulation could be carried out to optimize the 
cellular behavior of chondrocytes during in vitro cultures. Although the 
results from this study present some limitations, as the chondrocytes 
cultured in monolayer dedifferentiate into fibroblast-like cells and 
synthetize non-cartilaginous proteins, this experimental approach 
served as a proof of concept and allowed the identification of the impact 
of EFs over chondrocytes. In fact, this finding encourages the 
development of more detailed experimental studies that consider the 
application of EFs on environments where the chondrocytes maintain 
its ideal morphology and express the characteristics molecules that 
compose the ECM of the hyaline cartilage. 
  
Taking the above mentioned into account, a second experimental 
approach consisted in the evaluation of the EFs over chondrocytes in a 
more physiological scenario, therefore the stimulus was applied to ex 
vivo chondroepiphysis explants. Once again, the results showed that 
depending on the stimulation scheme used, the morphology of the 
growth plate chondrocytes and their influence over the epiphyseal plate 
zones might vary. For instance, EFs of 3.5 mV/cm applied during 1 h 
maintain stable both the chondrocyte morphology and the width growth 
plate zones after 15 days of stimulation. On the contrary, EFs of 3.5 




mV/cm applied during 30 min stimulate chondrocyte hypertrophy and 
in turn increase the thickness of the Ht-z after 30 days of stimulation. 
The dynamics of chondrocytes that are in the PH-z can be also be 
altered by applying EFs of 7 mV/cm for 1 h, as the columnar 
arrangement of pre-hypertrophic cells increase, and the growth plate is 
constituted just by chondrocytes that have increased their volume. Even 
though a more detailed molecular analysis should be carried out in order 
to evidence how the biochemical regulation of main may be affected, 
the information obtained from these experimental procedures opens a 
new investigative approach that may further explore the mechanisms 
associated to the observed effects. In fact, it is necessary to analyze the 
effects of EF stimulation in terms of the biochemical regulation of 
molecules that control the growth plate function such as PTHrP, Ihh, 
VEGF, FGFs, BMPs, GAGs and collagens, since a detailed molecular 
analysis was not assessed in this study.  
 
Finally, and considering that stem cells are been used for cartilage 
repair, several groups have studied the use of EF to improve 
chondrogenic differentiation of this cells. In fact, to the best of our 
knowledge, this work presents the first experience using external EFs 
stimulation for cultures of MSCs encapsulated into HA–GEL hydrogels 
without growth factors. Our results showed that this biophysical 
stimulus has a high-potential to enhance the chondrogenic 
differentiation of MSCs. The results indicated that EFs of 10 mV/cm 
applied for 30 min four times per day have influence over the 
proliferation and chondrogenic differentiation. It was possible to 
observe that the electrical stimulation stimulates aggrecan and sox9 
synthesis. Although a stimulation on collagen type II was not evidenced 
after stimulation, this finding indicates that EFs are a valuable tool to 
stimulate the production proteoglycans and transcription factors that 
trigger the signaling pathway characteristic of a native cartilage. 
Accordingly, the electrical stimulation of MSCs embedded into 
injectable hydrogels lead to the recognition of some knowledge gaps 
that need to be accomplished in order to enhance this kind of 
experimental procedures, and those aspects must be the focus of future 
works. These include a more detailed analysis quantifying the 
extracellular protein production in the hydrogel such as total collagen 




and proteoglycans. This kind of analysis will provide useful 
information in order to create a biomimetic structure that may be 
applied in early stages of the therapeutic process in cartilage injured 
zones.  
 
In conclusion, electrical stimulation allows to control the cellular 
dynamics of chondrocytes and mesenchymal cells either cultured in 
vitro or within the tissue. This control is achieved using the appropriate 
input parameters, such as electric field strength, stimulation time per 
day and culture period. An appropriate combination of these factors can 
provide desired results such as increased cell population, cellular 
arrangement, morphological changes of chondrocytes and stimulation 
of the characteristic molecules of cartilage tissue. In fact, the present 
work exemplifies the need of characterization of the effect of a specific 
electrical stimulation with different type of cells, tissues and scaffolds, 
since although in all scenarios a cellular effect was observed, results 
vary according to the cell type and its environment. This 
characterization will allow the use of electrical stimulation as an 
additional tool to optimize time, resources and money in the therapies 
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Appendix A: Value of the parameters used in the simulations herein 
described. 
 
Parameter Value Equation Description 
𝑆PTHrP  From 0.9 to 1.1 
12, 13, 14, 




𝑆Ihh  From 0.8 to 1 
14, 15, 20 
and 22 
Concentration of Ihh 
𝑆𝑉𝐸𝐺𝐹  From 0.01 to 0.1 19 and 23 
Concentration of 
VEGF 
𝐷PTHrP  1 14 
Diffusion constant for 
PTHrP 
𝐷Ihh  10 15 
Diffusion constant for 
Ihh 
𝐷𝑉𝐸𝐺𝐹  0.1 19 
Diffusion constant for 
VEGF 
𝛾 114 12 and 13 
Rate value for the 
reaction term 




𝛼1 0.1 12 
Constant source terms 
𝛼2 0.9 13 
𝑟 10 19 
Exponential growth 
rate of VEGF 




 𝜒𝑉𝐸𝐺𝐹  0.0001 19 
Constant liberation of 







𝑃𝑉𝐸𝐺𝐹  0.2 19 
Quantity of VEGF 
molecule widespread 
in the domain 
𝛼𝑃𝑇𝐻𝑟𝑃
𝑖  0.020 20 and 21 Constants that 
indicate the influence 
of the concentration 
of each molecule on 
the isometric growth 
𝛽𝑖ℎℎ
𝑖  0.020 20 
𝛼∇𝑃𝑇𝐻𝑟𝑃
𝑖  0 20 and 21 
Constants which 
determine how much 
the gradient of the 
concentration of each 
molecule influences 
on the directional 
growth 
𝛽∇𝑖ℎℎ
𝑖  0 20 
𝑑𝑖 0 20 and 21 
Constant related with 
tissue elongation 
𝜑𝐻
𝐷 10 21 
Growth constants in 
the dynamic state 
𝑆𝐼ℎℎ
𝑇ℎ𝑟 0.93 22 
Threshold value of 
the concentration of 
Ihh in the 
perichondrium 
𝑆𝑃𝑇𝐻𝑟𝑃
𝑇ℎ𝑟  0.4 23 
Threshold value of 
the concentration of 
PTHrP in the 
hypertrophic zone of 
the growth plate 
𝜇𝑥,𝑦 
For x = 3 
23 Growth constant 













Appendix B: Endochondral ossification process for all cases studied 






Appendix C: Variation of the length and the thickness of the POC 
and distal and proximal epiphysis when the mechanical load was 
applied with different frequencies and signals. 
 
 
15 days of 
embryonic stage 
17 days of 
embryonic stage 







Sine Step Ramp Sine Step Ramp Sine Step Ramp 
0.01 1.41 1.51 1.42 1.50 1.64 1.51 1.60 1.79 1.61 
0.1 1.42 1.52 1.42 1.50 1.64 1.51 1.60 1.76 1.61 
1 1.37 1.50 1.36 1.43 1.60 1.43 1.51 1.46 1.51 













0.01 0.30 0.35 0.31 0.32 0.39 0.32 0.35 0.43 0.35 
0.1 0.30 0.35 0.31 0.32 0.38 0.32 0.35 0.43 0.36 
1 0.29 0.33 0.29 0.30 0.36 0.30 0.32 0.41 0.32 















0.01 0.32 0.38 0.32 0.34 0.42 0.34 0.37 0.47 0.38 
0.1 0.32 0.37 0.32 0.34 0.41 0.34 0.37 0.46 0.35 
1 0.30 0.34 0.28 0.31 0.38 0.31 0.34 0.40 0.33 


















0.01 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 
0.1 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 
1 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 






































Appendix D: Molecular diffusion during bone growth. 
 























Appendix E: Bone morphology and Ihh, PTHrP and VEGF 
diffusion for simulations performed with high magnitude 


















Appendix F: Representative scheme of the EFs in the capacitively 
coupling system generated by a voltage 50 Vpp at 60 kHz sine wave-
form.  
A) EFs in an empty capacitive system and with bone explants and 
culture medium. B) Measurement points of the EFs within and outside 
the well-plate. C) On the left, the EF in the empty capacitive system is 
illustrated; on the right, the EF distribution in the capacitor with the 












Appendix G: EF intensities within the capacitive coupled system 
applying a voltage 50 Vpp at 60 kHz sine wave-form.  
A) EF within the chondroepiphysis. B) The EF in the culture medium. 
C) The EF in the air gap between the culture medium and the top of 


















Appendix H: Measurement of growth plate lengths and thickness of 
P-z, PH-z and Ht-z.  
A) Length of proximal humerus growth plates. B) Thickness of 
proximal humerus epiphyseal plate zones. Statistically significant 
differences were found between controls and stimulated explants in 
term of length and thickness after a stimulation with EFs of 3.5 and 






















Appendix I: Measurement of 𝑪𝒊 and 𝑪𝒄 in growth plate zones of 
humerus explants.  
A) Graphic bars of 𝑪𝒊 within growth plate zones of humerus. B) 
Graphic bars of 𝑪𝒄 within growth plate zones of humerus. Statistically 
significant differences were found between controls and stimulated 
explants after a stimulation with EFs of 3.5 and 7.5 mV/cm (p < 




















Appendix J: Measurement of 𝑪𝑫 and inclination angle α of columns 
in growth plate zones of humerus explants.  
A) Graphic bars of 𝑪𝑫 within growth plate zones of humerus. B) 
Graphic bars of α within growth plate zones of humerus. Statistically 
significant differences were found between controls and stimulated 
explants after a stimulation with EFs of 3.5 and 7.5 mV/cm (p < 
0,05**), except those marked with “ns” (not significant). 
 
 
 
 
 
 
 
 
 
 
 
